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ABSTRACT
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Electrokinetic remediation coupled with Fenton oxidation, widely called as Electrokinetic Fenton
process is a potential soil remediation technique used for low permeable soil. The applicability of
the process has been proved with soil contaminated with a wide range of organic compounds

from phenol to the most recalcitrant ones such as PAHs and POPs.

This thesis summarizes the major findings observed during an Electrokinetic Fenton Process
study conducted for the remediation of low permeable soil contaminated with HCB, a typical
hydrophobic organic contaminant. Model low permeable soil, kaolin, was artificially
contaminated with HCB and subjected to Electrokinetic Fenton treatments in a series of
laboratory scale batch experiments. The use of cyclodextrins as an enhancement agent to
mobilize the sorbed contaminant through the system was investigated. Major process hindrances
such as the oxidant availability and treatment duration were also addressed. The HCB
degradation along with other parameters like soil pH, redox and cumulative catholyte flow were

analyzed and monitored.



The results of the experiments strengthen the existing knowledge on electrokinetic Fenton
process as a promising technology for the treatment of soil contaminated with hydrophobic
organic compounds. It has been demonstrated that HCB sorbed to kaolin can be degraded by the
use of high concentrations of hydrogen peroxide during such processes. The overall system
performances were observed to be influenced by the point and mode of oxidant delivery.
Furthermore, the study contributes to new knowledge in shortening the treatment duration by

adopting an electrode polarity reversal during the process.

Keywords: electrokinetic, electrokinetic Fenton, soil remediation, hexachlorobenzene,

cyclodextrin, polarity reversal, hydrogen peroxide.
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q Volume flow rate

Ke electroosmotic permeability of the soil

E electric field strength

A cross-sectional area of the soil sample

OH’ hydroxyl radical

HO," perhydroxyl radical.

R’ organic radical

Q mass of HCB sorbed per unit mass of kaolin

concentration of HCB in solution at equilibrium

Abbreviations
POPs persistent organic pollutants
PAHs polycyclic aromatic hydrocarbons
HCB hexachlorobenzene
TDI tolerable daily intake
USEPA US Environmental Protection Agency
ATSDR Agency for Toxic Substances and Disease Registry
DW deionized water
OCPs organochlorine pesticides
HPCD hydroxypropyl beta cyclodextrin
EDTA ethylenediamine tetraacetic acid
DTPA diethylenetriamine pentaacetic acid
SDS sodium dodecyl sulfate
APG alkyl polyglucosides

m’/s
m?/Vs

V/m

mg/kg
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1 INTRODUCTION

Soil constitutes one of the major parts of the ecosystem. Activities that lead to soil
contamination may also disrupt the soil quality. Industrial development and agricultural
activities have been pointed out as the major causes for soil contamination so far. The
increased awareness about the threats caused by organic contaminants especially POPs have
raised concerns and have led the governments and authorities to put stringent regulations on
their manufacture and use. Once, POPs get into the soil, they are difficult to remove due to

their hydrophobic nature.

Numerous techniques based on physical, chemical and biological methods have been in
practice for the remediation purposes. However, they have often proved unsuccessful when the

site consisted of heterogeneities or low permeable soil [1].

Electrokinetic technology has been developed and accepted as an effective remediation
technique for treating low permeable soils [2]. Electrokinetic remediation has been applied for
the removal of a wide range of contaminants, including heavy metals, organics and
radionuclides. The use of electrokinetics for the removal of organic contaminants can be
beneficial when aimed for the complete destruction/degradation of the contaminants right in
the soil itself. This can be accomplished by suitably combining chemical oxidation processes

like Fenton oxidation with electrokinetic treatment of soil.

Integrated technologies based on electrokinetics like electrokinetic Fenton process have shown
their potential for addressing such technologically challenging situations. Despite the need for
such integrated processes for solving the pollution issues, this area remains largely under -

researched. Therefore, it is of great importance that studies pertaining to the applicability of
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electrokinetic Fenton processes for the degradation of sorbed organic contaminants be carried

out.

14



2 STUDY BACKGROUND

2.1. Electrokinetic soil remediation

2.1.1.  Principles of the technology

Electrokinetics has emerged as one of the most versatile technologies for soil remediation over
the past three decades because of its suitability to treat both inorganic and organic pollutants as
well as radionuclides, saturated and unsaturated soil matrices, low permeable soil and

heterogeneous soil layers.

Electrokinetic treatment has shown its potential also for the simultaneous removal of inorganic
and organic species from soil [3, 4]. Electrokinetics is a process that can be used to
decontaminate soil by driving the inorganic and organic contaminant species through the soil
matrix. The driving force for this species transfer is the applied electric field. Finally, the
contaminants are removed by electroplating at the electrode, precipitation or co-precipitation at
the electrode, adsorption onto the electrode or complexing with ion exchange resins (heavy metal

species) and pumping water near the electrode (organic contaminants) [5].

Several large scale applications of electrokinetics were reported even from late 1970s and early
1980s [6]. These studies were based on the fundamental aspects of the technology without the
comprehension of complicated electrochemical phenomena that actually govern the process.
However, the results of these applications proved the potential of electrokinetics for the removal
of a wide range of inorganic pollutants, soluble organic pollutants and radionuclides [7, 8, 9, 10,
11, 12]. Later on, the focus was directed to the enhancement of the processes for better removal

rates, including pH conditioning and surfactant additions [13, 14, 15]. At present, several pilot
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scale trials are being carried out for the removal of organic compounds, heavy metals and radio

nuclides from contaminated soil. [16, 17, 18]

The recent developments and the history of electrokinetics, how it emerged and evolved as a

remediation technique, have been explained by Yeung [19].

The principles of electrokinetic technology have elaborately been explained and thoroughly
understood [2, 5, 20, 21]. There are several electrochemical phenomena taking place upon the
application of electric field on a soil mass. However, the major transport mechanisms that are

relevant from a remediation standpoint are the following:

1. Electromigration
2. Electroosmosis

3. Electrophoresis

Electromigration refers to the movement of charged species present in the soil mass under the
influence of an externally applied electric field. The charged species move towards the electrodes
of opposite polarity. The ionic mobilities of heavy metals at infinite dilution are in the range of
10 * cm*/Vs. However, taking into account the effective ionic mobility due to the tortuosity in a
porous medium like soil, the rate of heavy metal transport in clayey soil is about a few

centimeters per day under a unit electric gradient [22].

Electroosmosis is the movement of the pore fluid under an electric field which results from the
interaction between the bulk liquid and the diffuse double layer existing at the soil particle /fluid
interface. The direction of the electroosmosis depends on the surface charge of the soil particles.
Since, a negative surface exists in most soil particles, especially on clayey soil, excess positive
charges are distributed adjacent to the soil surface which continuously drags the bulk fluid
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towards the cathode. Therefore, the direction of electroosmosis is always towards the electrode
of negative polarity unless, the surface charge of the soil particles are changed. The rate of
electroosmotic flow in a porous medium is defined by the Helmholtz-Smoluchowski equation

which is explained in latter section.

Electrophoresis is the transport of charged particles (like clay particles or microorganisms) or
colloids under an applied electric field. However, electrophoresis has no major role in a compact

solid phase, where there is minimal movement of the particles.

A recent review by Mahmoud et al. [23] presents a detailed account of these electrokinetic

transportation phenomena.

Highly soluble ionized inorganic species that are present in moist soil environments are
transported by electromigration and also by electroosmosis depending upon the species
concentration [5]. However, electroosmosis plays the dominant role in the transport of soluble

organic species present in the soil.

Besides these transportation processes, the application of voltage also leads to other electrode
reactions and the corresponding geochemical reactions in the treated material. The electrode

reactions involve the electrolysis of water:
2H,0 —4¢” =0, +4H" (anode) (1)
2H,0+ 2e-=H, + 20H" (cathode) )

The protons and hydroxyl ions generated at the anode and cathode, respectively, are transported
through the soil. The mobility of protons under an applied electric field is about two times the

mobility of hydroxyl ion [24]. Also, the advance of the basic front developed at the cathode is
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retarded by the counteracting electroosmotic flow. Therefore, the soil pH that develops during an
electrokinetic process depends on the extent of the movement of protons and hydroxyl radicals as
well as the geochemical characteristics of the soil such as its buffering capacity [25]. These
changes in the soil pH lead to other geochemical reactions in the soil which include sorption-
desorption reactions, complexation reactions, precipitation —dissolution reactions and oxidation-

reduction reactions.

These geochemical reactions significantly affect the electrokinetic process and can enhance or

retard the process [22].

Several techniques have been proposed to alter the normal geochemical reactions that arise from
the electrode reactions to enhance the electrokinetic removal of species from the soil. They are
controlling the soil pH by suitable acid, base, and buffer additions into the anolyte or catholyte,
by using specially designed ion selective membranes, or by using enhancement agents which aid

in the complexation and removal of species present efc [15, 22 ].

2.1.2. Treatment of organic pollutants

A major part of the early research on electrokinetics was devoted to the investigation of heavy
metal removal. Removal of organic pollutants by electrokinetic process gained interest and
attention only when the role of electroosmosis in transporting the soluble organics was

understood.

Among different theories proposed for the electroosmotic flow, including the Helmholtz-

Smoluchowski theory, Schmid theory, the Spiegler friction model, and ion hydration theory, the
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Helmholtz-Smoluchowski theory is the most common theoretical description of electroosmosis
[22]. The rate of electroosmotic flow is controlled by the coefficient of electroosmotic
permeability of soil [24]. Ke, as stated by Helmholtz- Smoluchowski equation depends primarily
on the porosity and zeta potential of soil and can be assumed as constant during an electrokinetic

process as long as there is no change in the concentration of ions or pH of the pore fluid.

For practical purposes, electroosmotic flow rate is expressed by an equation analogous to Darcy’s

law of hydraulic flow as:

q=kEA

The very first reports on the application of electroosmosis for the decontamination of soils
contaminated with organic compounds were presented by the research team led by R. F.
Probstein [26, 27]. They demonstrated the feasibility of using electroosmosis for the removal of
organic compounds like phenol and acetic acid from saturated clay both theoretically and

experimentally.

However, the process had limited application when dealing with insoluble organics sorbed to the
soil [2]. This is because electroosmosis is expected to transport only the hydrophilic organic
contaminants. The focus then shifted to the removal of hydrophobic organic contaminants, and
the use of solubilizing agents to desorb and mobilize insoluble organic contaminants gained
attention. Subsequent research on the electrokinetic treatments made use of these enhancement

agents like surfactants, cosolvents or cyclodextrins to treat sorbed contaminants [28, 29, 30].

Surfactants are compounds with a polar hydrophilic head and a non polar hydrophobic tail. Based
on the hydrophilic head group surfactants are commonly classified as anionic, cationic and non
ionic. Among these, nonionic surfactants are generally considered ideal for soil remediation as
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they have higher solubilization capacities and are relatively non-toxic [31]. Surfactants increase
the aqueous solubility of organic compounds by lowering the interfacial tension and by micellar
solubilization [32]. Cosolvents are organic solvents that are capable of changing the aqueous
phase characteristics of organic compounds such as its solubility, sorption kinetics and transport
velocity [31]. Cyclodextrins, formed by the degradation of starch by bacteria, are linear chain
glucose molecules with their ends joined to form a cyclic structure. They form inclusion
complexes with hydrophobic organic compounds by partitioning them to the center of their ring,
thus significantly enhancing the aqueous solubility of organic compounds [33]. Recently there
have been more interest towards cyclodextrin based enhancements. This is because they are non
toxic and biodegradable when compared to toxic surfactant micelles and cosolvents at higher
concentrations [34]. Moreover, cyclodextrins have been proved effective for the mobilization of

PAHs and other HOCs in contaminated soil [3, 35].

Electroosmotic flushing of solubilizing agents through the soil can be used as such to remove
soil-bound organic contaminants. A summary of some of the studies undertaken during the last
decade in electrokinetic remediation of organic compounds using these kinds of enhancement

agents is presented in Table 1.
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Table 1. Summary of electrokinetic soil remediation studies using enhancement agents.

Contaminant  Soil Enhancement Relevant Results Reference
Type/Source agent used
Gas oil Natural soil Rhamnolipid A maximum of 86.7% removal with  [36]
the highest dose used.
HCB, Heavy Aged HPCD Nearly 40 % HCB removal [37]
metals sediment efficiency obtained with 2.6 pore
volumes.
Diesel oil Petrol station EDTA, n-propanol, =~ EDTA alone enhanced the removal  [38]
soil Tergitols of aliphatic and aromatic
compounds in the soil. A
combination of n-propanol and
EDTA enhanced the hydrocarbon
removal efficiency.
Phenanthrene  collected Triton X - 100 and ~ Rhamnolipid found to be more [39]
from specific Rhamnolipid efficient than Triton X- 100
waste site
Phenanthrene,  Kaolin Igepal CA-720, Complete removal observed using 5 [40]
Nickel Tween 80 % Igepal CA-720
Phenanthrene, MGP soil Igepal CA-720, Effective removal of phenanthrene [41]
Lead, Zinc Tween 80, n- observed with different
butylamine, concentrations of Igepal CA-720
tetrahydro furan, and Tween 80.
EDTA.
Phenanthrene,  Kaolin n-butylamine Significant solubilisation of [42]
Nickel phenanthrene with increasing
concentrations of the cosolvent.
Phenanthrene  Kaolin APG, Brij 30, SDS  APG found to be the best among [43]
three in terms of removal efficiency
and electroosmotic flow.
DDT Sandy loam Tween 80, SDBS Though both surfactants showed [44]
similar solubilization potentials for
DDT, electrokinetics transport with
SDBS yielded better results.
PAH mixture, MGP soil Tween 80, Igepal Though highest electroosmotic flow  [45]
Heavy metals CA-720, n- was observed with cosolvents,
butylamine, HPCD  Igepal CA 720 resulted in the
highest removal efficiency.
HCB Kaolin B-cyclodextrin, Better removal with B-cyclodextrin =~ [35]
Tween 80 than with Tween 80.
2,4 Kaolin, HPCD Higher degradation with HPCD in [46]
dinitrotoluene  Glacial till kaolin.
Phenanthrene,  Kaolin HPCD Phenanthrene removal was high [3]
Nickel when using 1 % HPCD compared to

10 % HPCD. However, the overall
removal was not high due to the low
concentration of HPCD.
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Table contd.

Contaminant  Soil Enhancement Relevant Results Reference
Type/Source agent used
Phenanthrene, MGP soil Igepal CA-720, n- Surfactants, Igepal CA-720 and [47]
Lead, Zinc butylamine, Tween 80, effective in removing
tetrahydrofuran, phenanthrene.
EDTA, DTPA
Phenanthrene Kaolinite APG, Calfax 16L-35 Though both showed similar [48]
solubilisation potentials,
electrokinetics movement of
phenanthrene with increasing
concentrations of APG resulted in
higher removal.
Ethybenzene Clayey Mixture of SDS, A removal efficiency of 63-98 % [28]
natural soil PANNOX 110 observed.
Phenanthrene,  Kaolin Surfactants (Igepal Surfactants and cosolvents were [49]
Nickel CA-720, Tween 80), found to be effective for the
Cosolvents (n- removal of phenanthrene.
butylamine,
tetrahydrofuran),
cyclodextrins
(HPCD, B-
cyclodextrin
hydrate), chelating
agents (EDTA,
DTPA)
Phenanthrene ~ Kaolin, Igepal CA-720, Highest desorption and [50]
Glacial till Triton X-100, solubilization observed with the
Tween 80, ethanol, surfactant solutions.
ethanol-Igepal
mixture.
Phenanthrene ~ Kaolin, Tween 80, ethanol Contaminant desorption possible by  [51]
Glacial till. surfactant or cosolvent solution.
Phenanthrene  Glacial till n-butylamine, 43 % phenanthrene removal after [52]

tetrahydrofuran,
acetone

127 days or 9 pore volumes.

The application of these electrokinetic processes made a major leap forward when organic
contaminants were successfully removed and degraded/destroyed from the soil matrix. This was
made possible by coupling electrokinetics with other remediation techniques like biodegradation
and chemical oxidation. Electrokinetics coupled with bioremediation is an effective technique if
the treatment duration is not a primary concern for the remediation project. However, it fails

when the target contaminant is toxic and present at high concentrations. Integrated technologies
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based on advanced oxidation processes have proved to be very successful in treating organic
contaminants, especially toxic ones. A comprehensive study on integrated electrokinetic chemical
oxidation processes using different oxidants such as sodium persulfate and Fenton’s reagent was
performed by Isosaari et al [53]. They observed that during the electrokinetic treatment with
persulfate oxidation, 35 % of the total PAH mixtures were removed from the soil near the anode
section in 8 weeks. However, electro Fenton test did not result in a better performance than
electrokinetics alone. Electrokinetic- permanganate oxidation for the removal of phenol was
studied by Thepsithar & Roberts [54]. According to their results, 90 % of phenol was removed
from the soil during a 5 days treatment with a voltage gradient of 1 V/cm. Another study by
Pham et al [55] used Ultrasound as an enhancement during the electrokinetic removal of
phenanthrene, fluoranthene and HCB. Their results were encouraging and proved the
effectiveness of ultrasonically enhanced electrokinetic remediation of soil. However, the results
indicate that HCB was the most difficult to treat, probably because of its extremely stable nature.
Yang & Yeh [56] recently reported the feasibility of electrokinetically enhanced persulfate
oxidation for the destruction of TCE in a spiked sandy clay soil. Also, the role of nanoscale
Fe;04 for activating persulfate was investigated. By doing so, they have achieved the target
concentration well below the regulatory threshold values in the soil as well as in the electrode
chambers. However, limited studies were done so far for the remediation of stable and
recalcitrant organic compounds like OCPs. Moreover, degradation of stable OCPs necessitates
the application of aggressive and rigorous chemical oxidation processes such as the Fenton

process.

2.2 Electrokinetic Fenton Process
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Electrokinetic Fenton process is an integrated technology incorporating chemical oxidation by
Fenton’s process with the electrokinetic treatment of soil. The applicability of iron-catalyzed
H,0, as an oxidizing agent was first reported by H. J. H. Fenton [57]. Several works have been
documented on the use of Fenton’s process for the oxidation of organic compounds including
recalcitrant contaminants [58, 59, 60, 61, 62, 63]. The use of Fenton’s process is favored also due

to the fact that the final reaction products are environmentally benign.

The primary reactions in the Fenton’s process are:
H,0, +Fe’” — OH +OH +Fe’*  (3)

H,0, +Fe** — HO," + H' + Fe?" “4)

OH'+Fe** — OH +Fe** (5)
HO,+ Fe** — 0, + H'+ Fe* (6)
H,0, + OH" — H,0 + HO," (7

In the presence of organic substrate the reactions include:
RH+ OH — R° + H,0+ HO, (8)
R" + Fe*" — Fe’ + degradation products )

Thus Fenton’s oxidation is an effective mechanism for the decomposition of toxic organic
compounds [64, 65, 66, 67, 68]. However, when applied alone, Fenton’s process fails to treat low
permeable soil. This is because effective contact between the oxidant and the contaminant is a

primary requirement for a successful treatment which is not possible in matrices of low
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permeability. This drawback can be overcome by integrating electrokinetics with Fenton’s
process. In electrokinetic Fenton process, hydrogen peroxide passes through low permeable soil
from anode to cathode by electroosmosis and decomposes the contaminants in the soil in the
presence of iron present in the soil. The attractiveness of this coupled technology is that it
addresses one of the major shortcomings of eletrokinetic remediation by removing as well as
destroying/degrading the contaminants, thus avoiding a further treatment or disposal of the waste

stream.

The application of electrokinetic Fenton technology for the remediation of contaminated soil was
first reported by Yang and Long [69]. In their study a saturated sandy loam containing phenol as
pollutant was treated by electrokinetic Fenton by incorporating a permeable reactive bed
containing scrap iron powder into the soil bed and H,O, was flushed from the anode reservoir.
This was followed by a more elaborate study on the performance of electrokinetic Fenton
technology for the oxidation of TCE in two types of soil [70]. The results were interpreted for
two different types of electrodes and the form and type of iron catalyst used. These studies
formed the basis of several successive research based on electrokinetic Fenton process for soil

remediation by different research groups. A summary of these studies is presented in Table 2.

The hydroxyl radicals generated in Fenton’s reaction are generated in aqueous solutions and are
capable of oxidizing the contaminants in aqueous solution [71]. Therefore they are unable to
attack the contaminants sorbed to the soil. However, it has been documented that oxidation of
sorbed contaminants in the subsurface can actually be promoted by using a high concentration of

H,0, (> 2%) [58, 67].
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This is because the use of high concentrations of H,O, favors the generation of highly reactive
species other than hydroxyl radical like hydroperoxide radicals (HO"), superoxide anions (0,7)
and hydroperoxide anions (HO, ") which are capable of degrading even the most recalcitrant

compounds in the sorbed form [72, 73 ].
H,0, + OH" ~ H,0 + HO", (10)
HO, —O0, +H' (11)
HO", +Fe2" —HO2™+Fe*"  (12)

Studies by Ferrarese et al. [72] and Rivas [73] suggest that the generation of non/hydroxyl
radicals such as hydroperoxide radicals (HO*;), superoxide anions (O,*-) and hydroperoxide
anions (HO,*-) are responsible for the aggressive chemical reactions which ultimately lead to the

oxidation of sorbed contaminants.

Another explanation is that a high concentration H,O, first desorbs the contaminants from the
soil surface and then oxidizes them. Kawahara et al. [74] proposed that high concentration of
H,O; has the ability to extract PAHs from clays. The mechanism they have explained is that the
electron exchange by structural iron in clay mineral results in the swelling of clay layers and this
swelling increases the space between the layers and release the sorbed contaminants. All these
studies have established the effectiveness of high concentration of H,O, in the remediation of soil
contaminated with sorbed contaminants. Also, these studies reveal that sorbed hydrophobic
contaminants can be treated without any enhancing agents if high concentrations of H,O, are

used.
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As seen from Table 2, most of the studies on electrokinetic Fenton treatments were focused on
the remediation of soluble organics and relatively insoluble PAH mixtures. Studies on
remediation of soil polluted with OCPs like HCB by electrokinetic oxidation treatment are

limited.

The success and performance of such in situ processes rely on certain key factors including
oxidant selection, oxidant loading and oxidant delivery. Numerous studies have been conducted
on the oxidant loading or in other terms the dosing of Fenton’s reagent for the oxidation of a
variety of soil contaminants like phenanthrene, pyrene, chrysene etc [73]. On the other hand, little
attention has been given on the studies on oxidant delivery, especially during electrokinetic
treatment of soil. Oxidant delivery is important since it determines the extent to which the
contaminated soil comes into contact with the oxidant. Therefore, the oxidant should be
delivered to the soil in such a way so as to facilitate effective soil-oxidant interaction. It was also
pointed out by Isosaari et al [53] that higher oxidation rates were observed near the oxidation
injection points in their experiments. This emphasizes the importance of oxidant delivery during

these processes.

The environmental impacts of Fenton treatment as discussed by Yap et al [75] show how
important it is to restore the soil properties in the post treated soil in order to sustain the microbial
activities and soil vegetation. This is because, electrokinetically treated soils in most cases result
in an acidic soil which may lead to metal dissolution and also unavailability of plant nutrients at
low pH [76]. Non-uniform electrokinetics induced by reversing the electrode polarity has been
studied for maintaining the soil pH and also for improving the mobility of organic pollutants [77,

78]. Therefore, such a polarity reversal can be adopted to enhance the electrokinetic Fenton
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process by propagating the oxidant through the soil matrix in a better way and also result in a

more uniform pH throughout the soil section.

Table 2. Summary of electrokinetic Fenton based research in soil remediation.

Contaminant Soil Type  Applied % of Duration Relevant results Reference
Voltage H,0, (days)
(V/em) used
Phenol Sandy 1 0.3 10 A maximum of 99.7 % [69]
loam destruction of the
contaminant was obtained
TCE Loamy 1 <4000 10 A maximum destruction of [70]
sand and mg/l 59.4 % achieved.
Sandy
loam
Phenanthrene Sandy soil 1.2 5 21 A maximum removal of 81.6  [80]
% achieved.
Phenanthrene kaolinite 1.5 7 10 A maximum of 74 % [81]
removal with acid ingestion.
Phenanthrene Hadong 1.5 7 22 A maximum of about 50 % [82]
clay and removal attained even at the
EPK cathode region when H,SO,
kaolin was also used in the analyte.
Phenanthrene Hadong 1.5 7 10 -22 Better treatment efficiency [83]
clay observed with the use of
phosphate stabilizer and an
anionic surfactant.
PAH mixture Creasote 048anda 3 60 No significant benefit [53]
contaminat 10 % AC observed from Electrokinetic
ed real component Fenton treatment
clay
Phenanthrene, Kaolin 1 5,10,20, 30 A maximum of 56 % [83]
Nickel 30 oxidation of phenanthrene
with 30 % H,0, .
PAHs Kaolin, 2 5-10 5-8 for A maximum of 90.5 % [84]
MGP soil kaolin, 25 phenanthrene oxidation in
for MGP kaolin when ethanol was
soil pre-flushed and then treated
with 5 % H,0, from anode
and 1.4mM Fe-EDTA from
the cathode.
Diesel Subsurface 4 0,4,8 60 A maximum of 42 % with [85]
layer soil the highest H,0,
concentration used.
Phenanthrene Kaolinite 3 10 14 An overall extraction and [86]

destruction efficiency of 99
% was achieved when both
the electrode reservoirs were
filled with H,0,.
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2.3. Hexachlorobenzene

2.3.1. Environmental properties

POPs are organic compounds categorized as a special group based on their salient properties.

These salient features which make an organic compound a POP are its:

Persistence - POPs are extremely resistant to physical, chemical and biological

degradation. They have long half lives in soil, water and air.

e Bioaccumulation — They accumulate in the organism to a level which can be harmful
to the human health and environment.

o Ability for long range transport — It can be transported by the environmental media to
far sites where they have never been used or produced, such as in the Arctic regions.

e Toxicity — POPs are extremely toxic and pose a threat both to the human health and

the environment.

Some of their physical and chemical properties which determine their fate in the environment are

their low water solubility, high lipid solubility, high molecular mass and low volatility.

The organic pollutants that constitute the POPs can be broadly classified into two categories,
intentionally manufactured POPs and unintentionally produced byproducts [87].

HCB is a typical POP which can be regarded as a representative compound for studies. It comes
under both the classifications of POPs, since it was previously manufactured on a large scale and
still produced as a byproduct during the manufacture of other chlorinated solvents. It is also one

of the 12 priority pollutants listed by the Stockholm convention on POPs [88].
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Hexachlorobenzene is a white crystalline solid that is practically insoluble in water. Its
chemical structure is as shown in Figure 1. Physical and chemical properties of

Hexachlorobenzene are shown in Table: 3

Cl

cl Z cl

Cl \ cl

Fig: 1 Structure of HCB

Table : 3 Physical and chemical properties of HCB.

Property Value
Molecular mass 284.78
Melting point °C 231
Boiling point °C 325
Vapour pressure mm Hg at 20 °C 1.09x 107
Water solubility mg /litre at 20 °C 0.005815
Log octanol/water partition coefficient 5.73
Density at 23°C g/cm’ 2.044
Flash point °C 242
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2.3.2. Sources in the environment

HCB was used in the past as fungicide, wood preservative, intermediates in organic
syntheses, synthetic rubber peptizing agent and so on [89]. HCB was first introduced in 1945
for its agricultural use as a fungicide [90]. The peak HCB production was during the late
1970s and early 1980s when the annual production was about 10,000 tonnes per year from
1978 to 1981 [90]. However, it was recognized as a hazardous chemical following an episode
of massive human poisoning in Turkey 1959 which resulted from the consumption of bread
prepared from wheat contaminated with HCB. The global production of HCB marked its
decline due to several restrictions on its use and from 1970s several countries declared a ban
on its production. At present, there is a global ban existing on its manufacture. However, the
release of HCB still continues as it is produced as a byproduct during the manufacture of
several chlorinated hydrocarbons as well as other sources. An estimate given by Bailey in
2000 indicates that a total of about 23000 kg per year of new HCB added to the environment
which comes mainly from trace contamination of pesticides, combustion, manufacturing and
biomass burning. However, this sum would be exclusive of the sources of HCB still existing

in developing countries [87].

HCB is widely dispersed in the environment. Though significant quantities of HCB are
present in the atmosphere, the surface oceans and the soil, the major environmental reservoir
of HCB was identified as the soil [90, 91]. This is because of the hydrophobic nature of HCB
which allows itself to partition into soil and plant surfaces. Therefore, soil serve as a sink by
receiving these pollutants through numerous pathways including direct pesticide application,

atmospheric deposition, application of sewage sludge or compost, spills, erosion from nearby
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contaminated areas and contaminated water irrigation [90]. Some examples of HCB
contaminated area are an industrial area at Bitterfeld, Germany and Lake Péijanne, Finland
[92, 93].

From all these, it is evident that HCB is very persistent in the environment and draws concern

for its removal from the environment, especially soil.

2.3.2 Health effects

Some of the harmful health effects associated with chronic exposure to HCB are porphyria,
thyroid imbalances and cancer [94]. It is directly linked to reproductive, developmental,
behaviourial, neurological, and endocrine mal functions [95, 96]. TDI values for HCB have
been suggested by various governmental agencies such as the USEPA and ATSDR and vary
in the range 1.6E -04 mg/kg d to SE-05 mg/kg d [97]. There have been several studies on the
association between liver, immunological and renal effects and human exposure to HCB by
inhalation and oral ingestion. However, no data could be found regarding the health effects in

humans and animals upon dermal exposure to HCB [98]
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3. OBJECTIVES OF THE STUDY

The objective of this research was to investigate and further develop a method for the removal of
sorbed organic contaminants from low permeable soil. For that, a stepwise and methodological
approach was adopted to carry out a series of experiments for evaluating the process performance
and contaminant removal efficiency during the electrokinetic Fenton process. Kaolin was used as
the model low permeable soil and the representative hydrophobic organic compound chosen for

the study was HCB.

The scope of this research included;

I Investigating the feasibility of electrokinetic and electrokinetic Fenton processes
for the removal of HCB from soil (Paper I).

II Studying the influence of electrode positions in electrokinetic Fenton system
(Paper II).

IIT Studying the effect of cyclodextrin as an enhancing agent (Paper III).

IV Studying the soil-oxidant interaction at different conditions (Paper IV).

V Studying the effect of electrode polarity reversal on the contaminant removal

(Paper V).

33



4. MATERIALS AND METHODS

4.1  Design of apparatus
The apparatus designed for carrying out the experiments had to meet the following requirements:
1. Allow the handling and processing of the test specimen without actually disturbing the
whole system.
2. Resemble a practical field unit rather than a laboratory set-up
3. Enable the scale-up of the actual set-up

4. Provide a safe working condition

Three different designs were used for the present study. The designs, basically of same structural
type differed only by certain features which were incorporated to suit the experimental conditions

as the studies proceeded (Fig: 2).

anode

r effluent

Soil Chamber

cathode
effluent

| cathode | | anode |

| power supply |

Fig: 2 Basic structure of the apparatus designed for the experiments

Type 1 apparatus consisted of three parts: two electrode chambers filled with electrolyte or

oxidant solutions and a soil chamber in between. Type 2 apparatus consisted of a single soil
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chamber in which the electrodes were immersed. Oxidants and DW were directly applied on the
soil surface. Type 3 apparatus was similar to Type 1, but with injection wells incorporated to
them. Injection wells (2 cm diameter) were made of perforated polyvinyl chloride tubes and

covered with nylon cloth and then inserted to the soil chamber.

Type 1 and 3 apparatus were made of glass or acrylic and type 2 of HDPE. The electrode
chambers were separated from soil chamber using filter cloth or nylon cloth. This allowed the
permeation of fluid while preventing soil to pass through them. The chambers were closed using
a removable lid with openings to insert electrodes which also served as gas vents. Inert electrodes
made of titanium and coated with platinum were used for all experiments. The electrodes were

connected to a DC power supply providing a constant voltage of 1.5 or 2.0 V/cm.
4.2  Soil characterisation

Commercially obtained kaolin was used as the model soil for the experiments. The physical and
chemical characterization of kaolin was performed in the laboratory following the methods

described by Rowell [99] and is presented in Table 4.

Table 4: Kaolin characteristics

Propaties Values
Mineralogy
Kaolin 100 %
Paricle size dstribution
Gravel % 0
Sand % 7
Silt % 17
Clay % 76
Specific Gravity 0.508
Carbonate content % 5.5
pH 5.2
Electrical conductivity (uS) 189.2
Cation exchange capacity (m mol100g) 3
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4.3  Test specimen

Contaminated kaolin used as the test specimen was prepared by artificially spiking the kaolin
with HCB. For this, HCB/hexane solution was prepared. It was then added to dry kaolin so as to
get a target concentration of 100 mg/kg, mixed well and left in the fume hood till all the hexane
had evaporated and the soil was dry. The dry contaminated soil was thoroughly mixed to get a
homogeneous mixture and then brought to the required moisture content of approximately 40 %
by adding DW. The test specimen was then stacked into the soil chamber and samples were taken

from different points to determine the initial pH and HCB concentration.

4.4 Experimental Program

The experimental program is summarized as a schematic diagram and shown in Fig. 3. The
experiments were divided into five different phases with specific objectives as indicated in the
figure. Experiments were done both with and without added Fe. Fe when added was supplied as
ferrous sulphate solution prepared with a Fe to substrate mass ratio of 1:10. The concentration of
beta-cyclodextrin when used was 1 % (wt %), which is well above its critical micelle
concentration. The anolyte in the experiments were either deionized water or the oxidant itself.
The catholyte in all experiments was DW. The electrodes were connected to a power supply in
each case after assembling the apparatus and setting up the test. A constant applied voltage of 1.5
V/cm or 2 V/em was used. H,O, was used in different concentrations ranging from 5 to 30 %. All

the chemicals were freshly prepared and the dilutions were made with DW.
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Fig: 3 Schematic representation of the experimental program
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Sorption studies — A series of batch adsorption tests were performed to determine the sorption

capacity of HCB to kaolin.

First Phase - Three tests were carried out during the first phase, of which two were
electrokinetic experiments to observe the suitability of B-cyclodextrin as a flushing solution
for these processes. The third experiment was electrokinetic Fenton test using -cyclodextrin

as an enhancing agent (Paper I).

Second Phase - The influence of electrode positions in the system was compared by selecting
two different kinds of apparatus. In Type 1 apparatus, the electrodes were contained in
separate chambers. In Type 2 apparatus, the electrodes were directly immersed into the soil

mass. B-cyclodextrin was used in both cases (Paper II).

Third Phase - Experiments were conducted in two series for fifteen consecutive days: First
series experiments consisted of three tests with different concentrations of H,O, in the
absence of cyclodextrin. Test 1 with 30 % H,O,, Test 2 with 15 % H,0,, and Test 3 with 5 %
H,0,. Second series tests also consisted of three tests with the same different concentrations
of H,O,, but in the presence of cyclodextrin. All the experiments were carried out in Type 2
apparatus without adding any Fe to the system. Inherent iron in Kaolin was expected to

catalyze the H,O, during the Fenton’s oxidation (Paper III).

Fourth phase Experiments - A series of electrokinetic Fenton experiments have been carried
out to investigate the effect of oxidant delivery and availability on contaminant removal and
its subsequent impact on the treatment duration (Paper IV).The operating conditions of the

experiments are shown in the Table: 5
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Table: 5 Operating conditions of fourth phase experiments

Experi Voltage Anolyte Injection Catholyte Mode of oxidant delivery Duration

ment (V/cm) well (Days)
1 1.5 H,0, Nil DW from anode 20
2 1.5 H,0, Nil DW Serial addition one after 20
+FeSOy4 the other from the anode
3 1.5 H,0,+ Nil DW FeSO,4 added as the 15
FeSOq4 anolyte and then added
H,0, after five days to the
anode
4 1.5 H,0, Two wells DW FeSO,4 added as the 15
+FeSO4  at anolyte and then added
distances H,0, after five days to the
4-6 cm anode and wells
from both
the walls
5 2 H,0, One well DW FeSO,4 added as the 10
+FeSO4  at the anolyte and then added
center of H,0, after two days to the
the soil anode and well.
mass

Fifth Phase - A series of experiments were carried out to explore the possibilities of using polarity
reversal as an enhancement during electrokinetic Fenton treatment of HCB contaminated soil
(Paper V).

Details of the experiments are shown in the Table: 6
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Table: 6 Operating conditions of fifth phase experiments

Exper Voltage Anolyte Catholyte Mode of Injection well Duration Polarity

iment (V/em) oxidant (days) reversal
addition

1 1.5 H,0, DW H,0, added nil 10 After 5
from the anode days

2 1.5 DW DW H,0, added to One in center, 10 After 5
the injection cylindrical, days
well 2cm diameter

3 1.5 H,0, DW H,0, added nil 10 nil
from the anode

4 1.5 FeSOy, DW FeSO4 added as  nil 10 After 5

H,0, the anolyte and days

then added
H,0, after two
days to the
anode

5 1.5 FeSO4, DW FeSO4 added as One in center, 20 After 10

H,0, the anolyte and  cylindrical, days

then added 2cm diameter.
H,0, after two
days to the
anode and

injection well

4.5 Chemical analyses

pH and redox measurements

The pH and redox of the soil samples were measured using a pH meter and a redox meter (WTW
3401 equipped with SenTix 61 and SenTix ORP sensors, pH 730 inoLab WTW series). The soil
sample for the pH and redox measurements were made into a suspension of the sample in DW in

the ratio 1 : 25
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Electroosmotic flow

The electroosmotic flow was measured manually by measuring and balancing the additions made
to the analyte and the volume removed from the catholyte. In few cases, the zeta potential of the
soil samples was measured and the electroosmotic flow was calculated based on that. The zeta
potential of the soil samples were measured by Zeta sizer Nano series (Malvern instrument),
equipped with a microprocessor unit. A strong correlation existed between the values calculated
using the zeta potential values and those measured manually.

HCB Analysis

HCB was extracted from the soil sample by ultrasonication based on a method adopted from
Yuan et al. [35]. The extract so obtained was analyzed using a gas chromatograph coupled to an
inert mass selective detector (Agilent 5975). The column used was HP-5 capillary column (30 x
0.32 mm ID) with a 0.25 um film thickness. Helium at constant flow rate (25 cm /s) was used as
carrier gas. The oven temperature was programmed from 40°C to 270°C at 10 °C/min. The
injector temperature used was 250°C and the injection volume was 1 pL. Quantification was
based on a linear curve made with four or five standard solutions of HCB. All the extractions and

sample runs were done in duplicate to ensure the reliability of the measurements.

Other
Apart from the above analyses, the H,O,concentrations in the soil samples were analyzed in some
experiments using the permanganate method. The data obtained were used to ensure the presence

of H,0 in the soil sample and not directly used to interpret the results.
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5. RESULTS AND DISCUSSION

5.1 Sorption studies

The sorption data fitted to the following equation and seemed to follow a linear equation:

Q=1359C (7)

This is in good agreement with the results obtained by Schwarzenbach et al. [100] and Means et
al. [101] who stated that the sorption of nonpolar organic compounds of low to intermediate
lipophilicity by aquifer materials and the sorption of other PAHs on different sediment and soil

substrates followed linear equilibrium isotherms.

5.2 Feasibility Tests

The preliminary feasibility tests included the experiments carried out to evaluate the suitability of
electrokinetic and electrokinetic Fenton processes to treat HCB contaminated soil (Paper I). The
results of the experiments showed that B-cyclodextrin could solubilise the sorbed HCB and
transport them through the soil matrix. This result is in agreement with Yuan et al. [35] who
demonstrated that HCB can be desorbed and mobilized by B-cyclodextrin. The electrokinetic

Fenton test also resulted in an overall average removal of 64% HCB from the soil.

5.3 Electrode positioning

The influence of electrode positions in the system was compared by selecting two different kinds
of apparatus, Type 1 and Type 2 (Paper II). B-cyclodextrin was used in both cases and hence, as
the experiment proceeded, the sorbed HCB would have desorbed and the oxidation of HCB had
occurred both in the sorbed and desorbed state. The electrode positions seemed to have
drastically changed the soil pH. The soil pH in Type 1 apparatus near anode and cathode was
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about 3 at the end of the experiment. In Type 2 apparatus, the soil pH near the anode dropped to 3
towards the end of the experiment and near the cathode the pH rose gradually and was 9.6 at the
end of the experiment. This difference in the pH distribution had a significant effect on the

contaminant removal (Fig. 4).

e
Q9

e
PN

ke
n

e
IS

b
w

+Type 1

S
o

& Type 2

e
=

cumulative removal

=

-
'S

8 12

Elapsed Time (days)

Fig: 4 Rate of contaminant removal. (Data from Paper II)
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Fig: 5 HCB distribution along the anode and cathode region in Type 1 apparatus. (Data from
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Fig: 6 HCB distribution along the anode and cathode region in Type 2 apparatus. (Data from

Paper 1)
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As evident from the Figure 4, the rate of contaminant removal was higher in Type 2 apparatus
which was probably due to the higher electroosmotic flow rate incurred during the test. However,
the contaminant distribution along the anode and cathode region (Fig:6) reveals that in Type 2
apparatus most of the removal had taken place from the region near the anode while the HCB
near the cathode region had undergone minimal or no oxidation. This was because of the high pH
developed in the cathode part which was not suitable for the Fenton’s reaction to take place. An
overall removal efficiency of 64% was observed “almost” uniformly across the soil during the
electrokinetic Fenton Test in Type 1 apparatus which lasted for 14 days (Fig: 5). Though 86 % of
HCB was degraded from the anode region, the electrokinetic Fenton test in Type 2 apparatus
resulted in an uneven contaminant removal across the soil due to the high pH developed at the
cathode region. Thus, the performance of electrokinetic Fenton can be improved by using
separate chambers for the electrolyte solutions, which make it possible to efficiently control the
soil pH near the cathode. Moreover, the removal efficiency per unit of energy consumption for

test in type 1 apparatus was found to be 2.46 times higher than that in type 2 apparatus.

5.4 Electrokinetic Fenton Treatment with and without -cyclodextrin

Though the use of enhancing agents is highly beneficial, the fate of these agents and their
mechanism of action need to be well understood and studied, especially when this technique aims
at degrading the pollutants in the system itself. In this context, the study of degrading the

contaminant in its sorbed state itself without desorbing it into the aqueous phase became relevant.

H,0, in high concentrations (> 2%) is capable of degrading sorbed contaminants on the soil

surface. Therefore, experiments were conducted to evaluate the performance of high
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concentration of H,O; to oxidize the contaminants in the sorbed state in the presence and absence

of cyclodextrin (Paper III).

14 =-=-30% —15% 5%
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Fig: 7 Test 1 — without cyclodextrin, HCB distribution in the soil at the end of the experiment.

(Data from Paper III)
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Fig: 8 Test 2 — with cyclodextrin, HCB distribution in the soil at the end of the experiment.

(Data from Paper III)
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The results of the tests (Figs: 7 and 8) clearly showed that the sorbed contaminants were
effectively oxidized by high concentration hydrogen peroxide catalyzed by inherent iron
present in the soil. Therefore, during electrokinetic treatment hydrophobic compounds sorbed
to the soil could be degraded without adding any enhancing agents. This is possible since, in
this process the contaminants do not rely on their mobility or solubility in the pore water.
However, the absence of cyclodextrin and soluble iron in the system resulted in an
accumulation of the contaminant in the anode portion of the system. The treatment tests
conducted in the presence of cyclodextrin as an enhancing agent led to a slower rate of
oxidation when compared to the rapid oxidation of contaminants in the absence of

cyclodextrin.

5.5 Oxidant availability

The rate of transport and availability of the oxidant are among the primary requirements for a
successful soil treatment program using oxidation reactions. Therefore, the oxidant should be
delivered to the soil in such a way so as to facilitate effective soil-oxidant interaction. In
electrokinetic Fenton process, the oxidant is transported through the soil matrix by
electroosmosis. During the course of its transport, the oxidant comes into contact with the soil
and attacks the contaminant. Therefore the availability of oxidants in its active form is of
paramount importance. Out of the different modes of oxidant addition tested, the one with
stepwise addition of Fe and then after two days H,O, showed better performance in terms of
contaminant degradation (Paper IV). However, the addition of Fe as ferrous sulphate did not
significantly improve the contaminant removal. Addition of oxidants through multiple

injection wells resulted in increased rate of HCB oxidation, but the point of injection is a
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matter to be chosen since the stability of H,O, decreases with increasing pH. The oxidation

reactions in these experiments did not show any pH dependence in the range 2.9 to 5.

5.6 Electrokinetic Fenton treatment with polarity reversal

Treatment duration is another important criterion while considering a cost effective
remediation process. The time required to bring the contaminant concentration to the desired
concentration could be regarded as the treatment duration for remediation purposes. The
treatment duration can be considerably shortened if the contaminant present throughout the
soil section can be subjected to oxidation effectively by controlling and directing the flow of
oxidant through the soil. This could be achieved by controlling the direction of flow of
oxidant by reversing the electrode polarities. Such a polarity reversal would be beneficial
since it can enhance the process by propagating the oxidant through the soil matrix in a better
way and also result in a more uniform pH throughout the soil section, thus avoiding a large

pH gradient in the final treated soil.

When the treatment tests run for 10 days were compared, the test which had undergone a
polarity reversal resulted in a HCB removal of 33 % and the one without the polarity reversal
resulted in a 10 % removal of HCB (Paper V). Therefore, the results of the experiments
indicate that regulating and hence controlling the flow of H,O, by reversing the electrode
could bring about better contaminant degradation than expected with uni-directional flow of
H,0, which would take longer time for the entire soil section to come into contact with H,O,.
However, extending the tests for a longer duration (20 days) did not show a corresponding

increase in the HCB removal rate.

48



5.7 General

Apart from the major results based on the HCB degradation during the treatment runs, there

were some general observations which are noteworthy.
5.7.1 pH

The electrode chamber pH followed a general trend in all the experiments. The analyte pH
dropped to 2 or less and the catholyte pH rose to 9.8 or more within the first two days of
operation in all the cases. This is because, due to the applied electric field, electrolysis takes
place and H+ and OH- ions are generated at anode and cathode respectively which results in a

low pH at the anode and high pH at the cathode.

These acidic and basic fronts which are developed at the anode and the cathode migrate
slowly to the soil and thus change the pH of soil. The initial pH of the soil used was 5.2. In
general, the final soil pH ranged between 2 near the anode region and 6 near the cathode
region. In any case, the soil pH did not rise above 6, except for the tests performed in Type 2
apparatus where the electrodes were directly immersed into the soil. This shows that the
acidic front advanced faster than the basic front and neutralized the OH™ ions migrating
towards the anode area. Under applied voltage gradient, the H' ions formed at the anode
move at a faster rate, nearly double that of the rate of OH" ions [20, 102] This holds true in
most of the cases unless the soil has a very high buffering capacity which impedes the rate of

movement of the acidic front.

However, the experiments with polarity reversal resulted in a more uniform pH towards the
end of the experiment. This is due to the obvious reasons of changed electrode polarity and
the corresponding formation of acidic and basic fronts from either sides of the soil. The
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addition of H,O; to the soil as observed in the fourth phase experiments through injection
wells might also cause the pH to rise in the soil section. Similarly the addition of Fe as

ferrous sulphate was also seen to influence the soil pH.

5.7.2 Redox Potential

The redox values across the soil section indicate that a strong oxidizing condition existed
throughout the soil section in the experiments where the redoxes were measured. The redox
potential is generally found to decrease from the anode section to the cathode section during a

normal electrokinetic process.

The redox values showed a good correlation with the corresponding pH values except for the
fifth phase experiments with polarity reversal. This is because, the generally found correlation
between pH and redox cannot be expected in these cases, since due to the polarity reversal,
the soil section was constantly under changing redox conditions. These redox values were

used to depict the predominant form of Fe that existed in the soil.

In our experiments, the effect of Fe in the electrokinetic Fenton treatments were evaluated by
a comparison of experiments carried out with and without Fe. Redox potential data were used
as an indication of the speciation of Fe in soil. However, the fate and transportation of Fe in
the soil is to be more precisely determined using elemental analysis in order to study the

influence of Fe in such electrokinetic Fenton systems.

5.7.3 Electroosmotic flow
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Electroosmotic flow plays an important role in electrokinetics especially when employed for
the removal of organic compounds. In experiments where cyclodextrin was used,
electroosmosis was the primary and the only pathway by which the desorbed HCB was
transported through the soil matrix. In the experiments conducted during the later stage which
aimed at the degradation of HCB in the sorbed state itself, the oxidant was transported
through the soil via electroosmosis. Therefore, higher electroosmotic flow ensures better

interaction between the soil-contaminant particles and the pore fluid.

However, for the oxidation of sorbed HCB to occur, other conditions like suitable pH and
availability of H,O, in its active form are to be met. Hence, as observed from the results of
fifth phase experiments a higher electroosmotic flow alone does not ensure better HCB
oxidation. A comparatively decreased flow was observed in experiments with polarity
reversal after changing the electrode polarities. This is due to the sudden change in the pH
dependent physio-chemical properties of the soil which in turn retarded the electroosmotic

flow.

5.8 Significance of the obtained results

The initial experiments performed with -cyclodextrin proved to be a feasible method for the
electrokinetic flushing of HCB through the soil [Paper I and II]. Though the results by Yuan
et al [35]supports this, other studies performed with cyclodextrin derivatives like HPCD for
phenanthrene removal from soil gave mixed results especially when compared with other
surfactants and cosolvents [37, 46, 49]. Moreover, our further studies on electrokinetic Fenton
treatment using high concentrations of H,O, showed promise and highest oxidation rates

were observed with the highest concentration of H,O, used [Paper III]. Therefore,
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enhancement agents were not used for our studies thereafter. Similar results of increasing
oxidation rates with increasing H,O, concentrations were obtained by Reddy and Kari for the
electrokinetic treatment of phenanthrene spiked kaolin [83]. However, little attention has been
given on the aspects regarding oxidant availability and oxidant delivery during electrokinetic
Fenton treatment of soils. Our subsequent studies identified the importance of different
oxidant delivery methodologies [Paper IV]. Another area which received little or no attention
was the treatment duration of the process. By adopting a polarity reversal of the electrodes
towards the end of the experiment, in our following studies, we tried to improve the H,O,
reachability in a shorter duration [Paper V]. However, further studies are still required to
elaborately explain the physico-chemical changes that may occur during the polarity reversal

of electrodes and assess their suitability for electrokinetic studies.
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6. CONCLUSIONS

Electrokinetic Fenton process using high concentration of H,O, is an effective treatment method

for the remediation of low permeable soil contaminated with hydrophobic organic contaminants.

This thesis is a study conducted for the investigation of such a process by selecting HCB as the

representative HOC and Kaolin as the model low permeable soil. The major findings observed

during the study are summarized below:

Though cyclodextrin was proved to be a good flushing solution for mobilizing HCB
through the soil matrix during the electrokinetic treatment, addition of cyclodextrin is not
necessary to desorb the contaminants when high concentration hydrogen peroxide is used.
In such systems, the presence of cyclodextrin leads to a slower rate of oxidation when

compared to the rapid oxidation of contaminants in the absence of cyclodextrin.

HCB sorbed to low permeable soil can readily be oxidized using high concentration of
HCB (concentrations tested in this study >5 %) in electrokinetic Fenton treatments.
However, these treatments are subject to success only if other pre-requisites for the
degradation are also met. These pre-requisites include the suitable pH range in which the

oxidation could occur and also the availability of oxidant in its active form.

The point and mode of oxidant delivery is critical to the remediation process and
influences the overall system performances. Out of the different modes of oxidant delivery
tested, the serial addition of H,O, two days after the addition of Fe as ferrous sulphate was

found to aid the catalytic behavior of Fe. Though, oxidant addition through multiple
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locations results in increased availability of oxidant, positions near the cathode should be
avoided, since the decomposition rate of H,O, increases with increasing pH and also the
oxidation reactions probably are pH dependent at higher pH values. However, HCB

oxidation in these studies did not show any pH dependence in the range 2.9 to 5.

e Polarity reversal is a good method to control and thus direct the electroosmotic flow in
electrokinetic Fenton treatments. By reversing the electrode polarities it is also possible
that the treatment duration of these processes can be considerably reduced by improving

the reachability of the oxidant.

This study forms the basis for several further studies. Though, the experiments have been
designed keeping in mind the practical applications of these processes, there are other parameters
to be understood before plunging into large scale applications. The experiments have been
conducted in artificially contaminated kaolin and might represent differently when real soils are
subject to the treatment. However, model soils like kaolin are best suited for understanding the
parameter influences in lab scale studies. This is because it is very difficult to model real soil and
understand the effect of parameters on the treatment efficiencies. Future research should be

directed towards the treatment of real contaminated soil.
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Remediation of hexachlorobenzene in soil by enhanced

electrokinetic Fenton process
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The feasibility of enhanced electrokinetic Fenton process for the remediation of Hexachlorobenzene (HCB) in low permeability soil
was investigated. Kaolin was artificially contaminated with HCB and treated by electrokinetic and electrokinetic Fenton processes.
B-Cyclodextrin was used to enhance the solubility of HCB in pore fluid. Three tests were carried out, of which two were electrokinetic
experiments to observe the suitability of S-cyclodextrin as a flushing solution for these processes. The third experiment was the
electrokinetic Fenton test using 8-cyclodextrin as an enhancing agent. Results show that the removal efficiency depends on the choice
of a suitable flushing solution and physical parameters like pH, electric current and electro-osmotic flow.

Keywords: Soil remediation, electrokinetics, Fenton process, hexachlorobenzene, cyclodextrin.

Introduction

Persistent organic pollutants (POPs) are among the most
dangerous of all the pollutants released into the envi-
ronment every year.!l One of the major traits of POPs,
the cause of which the international community is call-
ing for global action, is their ability for long-range trans-
port. They are transported to regions where they have
never been produced or even used. Previously, POPs have
been destroyed by combustion technologies that can cre-
ate by-products such as dioxins and furans.”! Later, other
technologies were developed and commercialized for the
treatment of POPs. However, none of these proved to be
successful in treating low permeability soil contaminated
with POPs.

Several researchers were successful in applying electroki-
netic technology for the remediation of organic compounds
in so0il.’=8 In electrokinetic remediation, organic com-
pounds are transported through the soil matrix by the
electric field-induced flow of pore fluids called electro-
osmosis.”1% The negative charge at the surface of most
soil particles causes an accumulation of positively charged
cations near the surface. When an electric field is applied,
the movement of these cations to the cathode causes the
water molecules to move toward the cathode. Therefore,
electro-osmosis is effective to generate a uniform fluid and
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mass transport when the soil surface is sufficiently nega-
tively charged like as in clays.''! However, POPs have low
aqueous solubility and thus during electrokinetic remedi-
ation it becomes difficult to drive them by electro-osmosis
unless some surfactant or cosolvent that enhances their sol-
ubility in pore fluid is used.l”-!""'?l Enhanced electrokinetic
remediation of PAHs and HCB in soil have already been
studied by Saichek and Reddy!'? and Yuan et al.l'’] The
results from these studies show that significant contami-
nant movement occurred by enhanced electrokinetic treat-
ment. But, these processes transport the contaminants from
the soil to the electrode well, thus generating a secondary
waste stream which requires further treatment. Thus, it be-
comes necessary to develop a process where the contami-
nants are degraded in the system itself without producing a
secondary waste stream. Fenton’s oxidation is an effective
mechanism for the mineralization of toxic organic com-
pounds. The Fenton system consists of ferrous catalysed
hydrogen peroxide in acidic conditions. During the Fenton
reaction, hydrogen peroxide is catalysed by ferrous ions re-
sulting in the generation of hydroxyl radicals (Equation 1).
The reaction is propagated by the regeneration of ferrous
ions as shown in Equation 2.

H,0, + Fe’* — OH* + OH™ + Fe** 1
H,0, + Fe** — HO} + H* + Fe** Q)

Various competing reactions (Equations 3 to 5) including
the production of perhydroxyl radical are also involved in
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Fenton’s system

OH* + Fe’* — OH™ + Fe’* (3)
HO% + Fe** — 0, 4+ HY + Fe?* 4)
H,0, + OH* — H,0 + HO; %)

where OH* = hydroxyl radical and HO3 = perhydroxyl
radical.
In the presence of organic substrate the reactions include:

RH + OH* - R* + H,0 + HO; 6)
R* + Fe** — Fe’™ + products @

where R* = organic radicals

Fenton’s reaction was applied for soil remediation and
it was found that an optimum pH of 2 to 3 is required
for the process.'¥! However, when applied alone, Fenton’s
process failed to treat low permeability soil. Also, hydroxyl
radicals generated by Fenton’s reaction have limited capa-
bility to oxidize the contaminants sorbed to the soil.['3] But
Fenton’s process, when integrated with electrokinetics, was
found to be efficient in destroying the organic wastes sorbed
to soil.'~17 Results of these electrokinetic Fenton studies
on compounds such as phenanthrene showed that removal
of contaminants sorbed to soil surface was possible only
when treated for considerably longer periods and the re-
moval efficiency increased with increased applied voltage.
Isosaariet al.l'® reported that the research on electrokinetic
removal of PAHs from soil resulted in a very low removal
and that combination of electrokinetics with Fenton’s pro-
cess did not improve the removal efficiency of the process.

The effectiveness of electrokinetic Fenton process in
treating low permeability contaminated soil depends largely
on the hydrophobic nature of the contaminants. Therefore,
the role of an enhancing agent to solubilise these hydropho-
bic compounds in the pore fluid seems to be very significant
in the success of these remediation techniques.

In this study, the effectiveness of enhanced Electrokinetic
Fenton process in treating low permeability soil contami-
nated with POPs was tested by selecting HCB as the model
compound. Enhanced electrokinetic experiments were first
carried out to ensure the suitability of B-cyclodextrin as a
good flushing solution to increase the solubility of HCB
in the pore fluid and thus enhancing its mobility through
the soil section. This was followed by a third experiment
in which HCB-contaminated soil was treated by enhanced
electrokinetic Fenton process. Physical parameters like pH,
electric current and electro-osmotic flow were measured
and their influence on removal efficiency was also studied.

Materials and methods

Soil characterization and chemicals

Kaolin (VWR International (FIN)) was used as the model
clay in all the experiments. The appearance was greyish
powder and some preliminary analysis was done to deter-
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Table 1. Kaolin characteristics.
Properties Values
Mineralogy

Kaolin 100%
Paricle size distribution

Gravel% 0

Sand% 7

Silt% 17

Clay% 76
Specific gravity 0.508
Organic matter%o Near 0
Calcium carbonate content % 5.5
pH 5.2
Electrical conductivity (uS) 189.2
Cation exchange capacity (m mol/100 g) 3

mine the physical and chemical characteristics of soil.'"]
The Kaolin characteristics are listed in Table 1. HCB was
used as the representative POP in this study. HCB is a white
crystalline solid that is practically insoluble in water. Physi-
cal and chemical properties of HCB are shown in Table 2.2]

From J. T. Baker we obtained 30% hydrogen peroxide
and ferrous sulphate (99% Ferrous sulphate heptahydrate)
was supplied by Fluka. All other chemicals were purchased
from VWR International. Deionized water was used for all
dilutions.

Experimental setup

Experiments were carried out in an electrokinetic reactor
which consisted of three parts: two electrode chambers with
a soil chamber in between. Figure 1 shows the apparatus
used. The cell was made of glass and the dimensions of
the electrode chambers were 12 x 20 x 20 cm and that of
the soil chamber was 13 x 20 x 20 cm. Inert electrodes
made of titanium and coated with platinum were used for
all the experiments. A weighed quantity of contaminated
soil was uniformly stacked into the soil chamber and the
anode and cathode chambers were then filled with respec-
tive solutions. The chambers were closed by a removable lid
with openings for inserting the electrodes that also served as
gas vents. The electrodes were then connected to the power

Table 2. Physical and chemical properties of HCB.2

Property Value
Molecular mass, g 284.78
Melting point, °C 231

Boiling point, °C 325
Vapour pressure mm Hg at 20°C 1.09 x 10~°
Water solubility mg/L at 20°C 0.005815
Log octanol/water partition coefficient 5.73
Density at 23°C g/cm? 2.044
Flash point, °C 242
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Fig. 1. Electrokinetic apparatus.

supply. The same electrokinetic apparatus was used for all
the experiments.

Sampling and chemical analyses

Soil samples were taken periodically and analysed for HCB.
Soil pH, zeta potential and current were monitored con-
tinuously. A maximum of approximately 2 g of soil sam-
ples were taken without disturbing the system. Soil samples
along the anode and cathode portions for all analyses and
measurements were taken from a distance of about 2 cm
from the walls of the chamber. Extraction of HCB from
soil was done by ultrasonication based on a method by
Yuan et al.l'¥] The extract obtained was then analysed by gas
chromatography (Agilent 5975) following USEPA method
8270C.2!1 The average electro-osmotic flow was quantified
using the Helmholtz-Smoluchowski equation as described
by Sharma and Reddy.??! pH was measured using pH 730
inoLab WTW series, and the zeta potential who measured
by the Zeta sizer Nano series (Malvern instrument).

Operating procedure

Tests 1 and 2 were electrokinetic experiments conducted
to evaluate the suitability of B-cyclodextrin for the process
and the distribution of HCB in the soil with elapsed time.

Table 3. Testing program.

Oonnittan et al.

Test 3 was an electrokinetic Fenton process, where Fenton’s
reagent was supplied to the soil from the anode chamber.
The anode chamber was filled with 1.5 L, 85 mg/L ferrous
sulphate solution so that Fe: substrate ratio is 1:10 (wt%)
and 1% (wt%) B-cyclodextrin. The initial concentration of
HCB in soil (Cy) after contamination was 45.9 mg/kg for
Tests 1 and 2 and 376.4 mg/kg for Test 3. After 48 hours
when current developed, 15% hydrogen peroxide was sup-
plied from the anode chamber. Table 3 shows the testing
program for tests 1, 2 and 3.

Results and discussion

Soil pH

When an electric field is applied, electrolysis takes place and
H™ and OH™ ions are generated at the anode and cathode,
respectively. This results in a low pH at the anode and a high
pH at the cathode.”! Figure 2 shows the soil pH profiles for
tests 1, 2 and 3. A general trend of low pH at the anode and
high pH at the cathode was found in all the tests. The initial
pH of the contaminated soil was 5.2. During the period of
test, the soil pH at the anode and at the cathode decreased.
This may be because the acid front generated at the anode
advanced through the soil specimen and thus lowered the
pH. This happens because the ionic mobility of H* is 1.75
times greater than that of OH~ ion.*¥ The pH of soil in
test 2 when B-cyclodextrin was used were more acidic than
in test 1. This could be attributed to the still higher ionic
mobility which occurred due to the use of S-cyclodextrin.
Kaya and Yukselen® reported that the pHs of soils like
kaolinite, montmorillonite and quartz powder are slightly-
to-moderately acidic in the presence of surfactants.

Soil pH along anode as well as cathode for test 3 were ob-
served to be more acidic than in test 2 where S-cyclodextrin
was used. The soil pH along anode decreased to 2 and along
the cathode decreased to 3 after 6 to 7 days of operation.
This is because of the use of ferrous sulphate in test 3, which
was supplied from the anode chamber.

Current

The current developed during tests 1, 2 and 3 is shown
in Figure 3. A maximum of 30 mA current was observed

Test Soil Contaminant Anodic solution Cathodic solution Voltage (volts) Total duration (hrs)
1 Kaolin HCB 0.01 M KCl1 Deionized water 15 144
2 Kaolin HCB 1% Cyclodextrin solution Deionized water 15 144
3 Kaolin HCB Ferrous sulphate, Deionized water 30 336

1% cyclodextrin and
15% hydrogen
peroxide
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Fig. 2. Soil pH near anode and cathode for tests 1, 2 and 3.

during the start of test 1. During the test period, the current
decreased to 10 mA and remained constant. The high cur-
rent developed during the start of the test 1 where 0.01 M
KCl was used is due to the high ionic strength of the elec-
trolyte solution. The gradual decrease in the current could
be attributed to the depletion of ions in the system.
During test 2, current increased to 10 mA after 1 day
and then decreased and became zero towards the end of the
experiment. Initially, there were no conducting ions in the
system and then the soluble ion minerals in the soil might
have contributed the increase in current. After 1 day of op-
eration, current in test 3 was increased to 10 mA and then
remained constant for the entire period of test. During the
test, Fenton’s reagent was supplied from the anode cham-
ber and thus the presence of Fentons reagent in the system
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might have maintained the current constant during the test
period.

Electro-osmotic flow

The electro-osmotic flow was found to be higher for test
2 when compared to test 1 (Fig. 4). Test 1 which showed
higher current and pH along the soil cross-section should
give higher electro-osmotic flow, because, as the pH de-
creases, the soil surface becomes more positive and thereby
zeta potential becomes more positive. The higher flow in test
2, therefore, could be because of the use of S-cyclodextrin,
which made kaolin more permeable.!'”] Test 3 gave a maxi-
mum flow of 32 ml by 14 days of operation. The reason for
low electro-osmotic flow even though the applied voltage
is higher in test 3 could be the highly acidic soil pH that
developed during the test.

Distribution of contaminant in soil

Figures 5, 6 and 7 show the fraction (mass concentration di-
vided by initial mass concentration) of contaminant across
the anode and cathode portion of the soil with elapsed time.
In test 1 where 0.01 M KCl was used, an uneven distribution
of contaminant particles is observed (Fig. 5). The contami-
nant particles seemed to be mobilized and accumulated un-
evenly. The HCB concentration on the final day was nearly
40 to 50% above the initial concentration. This anomalous
behaviour clearly indicates that the movement was not be-
cause of electro-osmotic flow or under the influence of an
electric field. This is because the aqueous solubility of HCB
is very low in the range of 5 ug/L at 25°C. Since there was
no solubilizing agent in the system, the movement and un-
even distribution of the contaminant particles might have
occurred by washing of the loosely bound or weekly sorbed

—&— Test 1
@ Test 2

Current (mA)

- A Test3

1 2 3 4 5 6 7

9 10 11

Elapsed Time (Days)

Fig. 3. Current (mA) during tests 1, 2 and 3.
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Fig. 4. Cumulative electro-osmotic flow during test 1, 2 and 3.
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Fig. 5. Distribution of HCB in soil with elapsed time during test 1.
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Fig. 6. Distribution of HCB in soil with elapsed time during test 2.
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Fig. 7. Distribution of HCB in soil with elapsed time during test 3.

particles by the bulk movement of water in the system.
Saichek and Reddy reported that the low organic content of
kaolin could be a reason for the weak sorption of organic
compounds to kaolin.'?l This shows that the insolubility
of HCB in the pore fluid has resulted in its non-uniform
movement in soil.

Test 2 where B-cyclodextrin was used gave a more uni-
form distribution of HCB with elapsed time (Fig. 6). It re-
sulted in a significant contaminant movement through the
soil section. There was a stepwise reduction in the contam-
inant concentration along the anode and cathode portions
of the soil. Then, 63% of contaminant was removed from
the anode portion and 46% from the cathode portion which
gave an overall removal of 54% during the test. This is be-
cause of the use of B-cyclodextrin which solubilised the
HCB sorbed to the soil and enhanced its mobility through
the soil section. Also, the relatively high electro-osmotic
flow rate in test 2 contributed to the increased removal of
contaminant from the soil and the relative accumulation
near the cathode. Thus, the use of S-cyclodextrin proved to
be effective in bringing about a better HCB removal from
soil. Work done by Yuan et al.l'3l also showed a higher re-
moval of HCB from soil with 8-cyclodextrin compared to
Tween 80.

Test 3 was conducted based on the results obtained from
tests 1 and 2. Results from test 2 clearly demonstrated the
suitability of B-cyclodextrin as a flushing solution for elec-
trokinetic removal of HCB from kaolin. But, the movement
of contaminants from the soil generated a secondary waste
stream that required further treatment. Test 3, where Fen-
ton’s reagent was used aimed at decomposing the contam-
inants in the system itself. Figure 7 shows the distribution
of HCB with elapsed time during test 3. Though there was
a uniform reduction in the contaminant concentration, the
reduction was gradual and took longer time than in test 2.
This happened because of the lower electro-osmotic flow in
test 3. The presence of Fenton’s reagent in the soil seemed

to reduce the pH of the soil system, which influenced the
electro-osmotic flow. 66% of HCB present initially was re-
moved from the anode portion and 67% from the cathode
portion which resulted in an overall removal of 64% of HCB
from the soil. A slightly higher removal was observed along
the cathode portion. This could be because of the com-
paratively higher electro-osmotic flow which developed at
the cathode portion due to the relatively higher pH in that
region which resulted in better soil-solution contaminant
interaction than in the portion near anode.

Conclusions

Major conclusions drawn from the enhanced electrokinetic
and electrokinetic Fenton experiments carried out are:

B-Cyclodextrin was proved to be a good flushing solution
for the electrokinetic and electrokinetic Fenton treatment of
low permeability soil contaminated with HCB. The choice
of a good flushing solution is important to enhance the
mobility of contaminant through the soil and thus bringing
about higher removal efficiency within shorter time period.

HCB was effectively removed from soil by enhanced elec-
trokinetic Fenton treatment. An overall removal of 64% was
observed in the enhanced electrokinetic Fenton treatment
of soil which lasted for 14 days. However, the presence of
Fenton’s reagent in the system affected the rate of removal
of contaminants from the system.
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system and the way in which Fenton's reagent was added to the system has a significant influence on the
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1. Introduction

The global nature of persistent organic pollutants (POPs) con-
tamination has created a growing concern over the chronic toxicity
and their impacts on human health and environment. One of the
properties of POPs that make them difficult to treat is their low
aqueous solubility. Though various conventional physical, chemical
and biological techniques are available for the treatment of con-
taminated sites, they have proved unsuccessful to remediate soils
of low permeability contaminated with compounds of low water
solubility like POPs.

Recent research has shown that electrokinetic remediation is
one of the promising technologies for the remediation of low
permeable soil. In this process, separation of contaminants is
brought about by the application of electric field between two elec-
trodes inserted in the contaminated mass. Application of electric
field initiates certain transport mechanisms such as electromigra-
tion, electro-osmosis and electrophoresis in the soil that involve
the movement of ions, pore fluid and charged particles, respec-
tively in the medium [1-5]. When treating soil contaminated with
POPs, the influence of electromigration and electrophoresis can
be neglected because of the non-polar nature of POPs. There-
fore electro-osmosis is the major mechanism by which POPs are

* Corresponding author. Tel.: +358 445567480; fax: +358 153556513,
E-mail address: anshy_o@yahoo.com (A. Oonnittan).

0304-3894/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2008.05.132

transported through the soil matrix during their treatment. The
hydrophobic nature of POPs makes them difficult to be removed
from soil. The contaminants sorbed to the soil particles can be
moved by electro-osmosis only if they are soluble in the pore
fluid. Thus the use of a surfactant or cosolvent to enhance the
process is necessary for increasing the solubility and enhancing
the mobility of these contaminants in the pore fluid [1]. But, this
causes only the movement of contaminants from one point of the
soil section to another and the waste stream collected from the
electrode chambers of the electrokinetic system requires further
treatment.

Among various treatment methods, oxidation by Fenton’s
reagent was found to be very effective for highly biorefractory con-
taminants [6]. The primary reactions in the Fenton’s process are

H,0; +Fe?* - OH* + OH™ +Fe3* (1)
H,0; +Fe3* — HO,* + H* + Fe?* (2)
OH* + Fe?* —» OH™ +Fe3* (3)
HO,* + Fe* — 0y +H* + Fe?* (4)
H;0, 4+ OH* — H,0 + HO,* (5)

where OH* is the hydroxyl radical and HO,* is the perhydroxyl
radical.
In the presence of organic substrate the reactions include:

RH + OH* — R* + H,0 + HO,* (6)
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Kaolin 100%
Particle size distribution
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R® + Fe’" — Fe”" + products (7) Fig. 1. Schematic diagram of electrokinetic apparatus used.

where R* is the organic radical.

Thus Fenton’s oxidation is an effective mechanism for the
decomposition of toxic organic compounds. However, when
applied alone, Fenton’s process fails to treat low permeable soil.
Also, hydroxyl radicals generated by Fenton’s reaction have lim-
ited capability to oxidize the contaminants sorbed to the soil [7].
This drawback can be overcome by integrating enhanced elec-
trokinetics with Fenton’s process. In Electrokinetic Fenton process,
hydrogen peroxide passes through low permeable soil from anode
to cathode by electro-osmosis and produces hydroxyl radicals in the
presence of iron in soil. Finally hydroxyl radicals oxidize or decom-
pose organic wastes. Some researchers have successfully integrated
electrokinetics with Fenton’s process to treat various organic com-
pounds [8-11]. But little research has been done on electrokinetic
Fenton process enhanced by surfactants or cosolvents for the treat-
ment of low permeable soil contaminated with POPs.

Therefore, in this study, the performance of enhanced elec-
trokinetic Fenton process for the treatment of low permeable
contaminated soil is investigated by selecting HCB as the model
compound. Though HCB is no longer manufactured commercially,
it is still being produced as a byproduct during the manufacture
of other chlorinated solvents. Kaolin was artificially contaminated
with HCB and laboratory scale electrokinetic Fenton experiments
were carried out in two different types of experimental setup. (3-
Cyclodextrin was used for the enhancement of HCB mobility in the
soil system. The influence of electrode position in electrokinetic
Fenton system is also analyzed by selecting two different apparatus
for conducting the experiments.

2. Materials and methods

The model soil selected for the study was Kaolin. Laboratory
grade Kaolin was obtained from VWR International (Finland).

A preliminary analysis of soil was done based on the methods
prescribed by soil science methods and applications [12] physical
and chemical properties of kaolin are shown in Table 1.

HCB was selected as the representative POP in this study and
was purchased from VWR International (Finland). HCB is practi-
cally insoluble in water (0.0062 mg/L at 25 °C) and has a log octanol
partition coefficient of 5.73 [13].

Thirty percentage hydrogen peroxide was supplied by J.T. Baker
and ferrous sulphate (99% ferrous sulphate heptahydrate) from
Fluka.

Test specimen was prepared by artificially contaminating kaolin
by the following method: weighed quantity of kaolin was first
homogeneously mixed with HCB-hexane solution. Then the wet

mass was left open in the fume hood till all the hexane evaporated
and a totally dry soil mass was obtained.

2.1. Electrokinetic Fenton reactor

The electrokinetic apparatus used for test 1 is shown in Fig. 1.
The apparatus was made of glass and consisted of three parts: two
electrode chambers and a soil chamber in between. The dimen-
sions of electrode chamber were 12 cm x 20 cm x 20 cm and that of
soil chamber were 13 cm x 20 cm x 20 cm. Inert electrodes made of
titanium and coated with platinum were used for all experiments.
Filter cloths were inserted on either sides of soil chamber to pre-
vent soil from getting mixed with anode and cathode solutions. The
chambers were closed using a removable lid with openings to insert
electrodes which also served as gas vents.

Contaminated soil was uniformly stacked into the soil chamber
and the electrode chambers were filled with respective solutions.
Then the electrodes were inserted into the chambers and connected
to the power supply.

Test 2 was carried out in an open pan with no sepa-
rate chambers for electrodes. The dimensions of the cell were
28 cm x 22 cm x 10 cm. Both the apparatus were designed by keep-
ing in mind the practical implementations of the process in field.

2.2. Operating conditions

For test 1, the contaminated soil was directly stacked into the soil
chamber of the electrokinetic apparatus. The anode chamber was
filled with 1.5 L ferrous sulphate solution so that Fe:substrate ratio
is 1:10 and 1% (by weight) B-cyclodextrin. The cathode chamber
was filled with deionized water. Electrodes were then inserted into
the respective chambers and connected to the power supply. After
48 h when current developed, 15% hydrogen peroxide was supplied
from the anode chamber.

For test 2, before stacking into the apparatus, the contaminated
soil was soaked with ferrous sulphate solution, so that Fe:substrate
ratio is 1:10, and 1% (by weight) -cyclodextrin. The electrodes
were then directly immersed into the soil and connected to the
power supply.

A constant voltage of 30V was applied during the entire period
of both the tests. Moisture content of the soil in test 2 was main-
tained at around 35% by adding deionized water. Fifteen percentage
hydrogen peroxide was periodically added from the anode part for
both the tests. Blank tests were also run in order to estimate the
contaminant loss by evaporation.
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Fig. 2. Electrolyte pH: pH profile of anolyte and catholyte for test 1.

2.3. Chemical analyses

Soil samples were taken periodically and analyzed for HCB. pH
and zeta potential of soil samples were monitored continuously. pH
was measured by using a pH meter (pH 730 inoLab WTW series).
The zeta potential of the soil samples were measured by Zeta sizer
Nano-series (Malvern instrument), equipped with a microproces-
sor unit. A maximum of approximately 2 g of soil samples were
taken without disturbing the system. Samples along the anode and
cathode portions were taken from a distance of about 2 cm from
the walls of the chamber.

HCB was extracted from the soil sample by ultrasonication based
on a method adopted from Yuan et al. [14]. The extract so obtained
was analyzed using a gas chromatograph coupled to an inert mass
selective detector (Agilent 5975). The column used was HP-5 capil-
lary column (30 mm x 0.32 mm ID) with a 0.25-pm film thickness.
Helium at constant flow rate (25 cm/s) was used as carrier gas. The
oven temperature was programmed from 40 to 270°C at 10 °C/min.
The injector temperature used was 250 °C and the injection volume
was 1 pL. All the analyses were done in duplicate soil samples.

3. Results and discussions
3.1. Electrolyte and soil pH

The initial pH of anolyte was 5.2 and catholyte was 6. After 3 days
of operation, the anolyte pH decreased to 2 and remained almost
constant for the rest of the days (Fig. 2). The catholyte pH increased
to 10.6 after 2 days of operation and then remained constant in
the range 9-9.8 for the entire period of the test. This shows the
general trend of pH distribution during electrolysis. This is because,
due to the applied electric field, electrolysis takes place and H* and
OH~ ions are generated at anode and cathode, respectively which
results in a low pH at the anode and high pH at the cathode [15].
The reactions taking place at the electrodes are

2H,0 —4e~ = 0, +4H" (anode)

2H,0 + 2e~ = H, + 20H™ (cathode)

The acidic and basic fronts developed near anode and cathode
migrate slowly to the soil and thus change the pH of soil.

The soil pH with elapsed time for test 1 and test 2 is shown in
Fig. 3. During test 1, the soil pH at the anode and at the cathode
decreased. The ionic mobility of H* is 1.75 times greater than that
of OH~ ion [16]. Therefore, the acid front generated at the anode
advanced through the soil specimen and thus lowered the pH. This

- 4 -Test 1 Cathode
——Test 2 Anode
- B - Test 2 Cathode

1 2‘3‘4‘5‘6‘7‘8‘9‘[0‘[1‘]2‘[3
Elapsed Time (days)

Fig. 3. Soil pH: pH profile of soil for tests 1 and 2.

decrease in the soil pH in the cathode part was not observed in test
2. The soil pH near cathode in test 2 gradually increased and was
9.6 at the end of the test. This is because, in test 2, electrodes were
directly immersed into the soil and therefore the alkaline front was
developed in the soil itself. Also the precipitation of stable ferrous
or ferric hydroxide from ferrous or ferric ions at higher pH which
existed near cathode contributed to the increase in soil pH near
cathode.

Fe?* + OH™ = Fe(OH),

Fe** + OH™ = Fe(OH)3

3.2. Current

The current developed with elapsed time in test 1 and test 2 for a
constant applied voltage of 30V is shown in Fig. 4. In test 1, current
was initially 0 mA and after 2 days of operation reached a maximum
value of 10 mA which then stabilized and remained constant for the
entire period of test. The delay in developing the current might have
occurred due to the time taken by ions to migrate into the soil from
the electrode chambers. The Fenton’s reagent was supplied from
the anode chamber and as it reached the soil, the ionic strength of
the pore water increased and thus caused current to increase. After
awhile, with elapsed time, a steady state would have reached which
stabilized the current. Whereas in test 2, at the beginning, current
was higher than in test 1 and after 2 days of operation it decreased
and then remained nearly constant for the entire period of test.
Since the soil in test 2 was soaked in ferrous sulphate before the
start of the experiment, initially ferrous ions in solution increased
the electrolyte concentration in pore solution. Then the fluctuation

HVAVA
N M

Current (mA)

2 3 4 5 6 7 8 9 10 11 12 13 14
Elapsed Time (days)

Fig. 4. Current: electric current developed with elapsed time during tests 1 and 2.
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and gradual decrease in current might have occurred due to the
generation of H* and OH~ ions and the subsequent precipitation of
ions in the solution and migration of these ions to the electrodes
[17].

3.3. Electro-osmotic flow

Contaminant transport is greatly influenced by electro-osmotic
flow as increased electro-osmotic flow means better interaction
between the soil-contaminant particles and the pore fluid.

Results show that the cumulative average electro-osmotic flow
was maximum in test 2 when compared to test 1 (Fig. 5). Electro-
osmotic flow for all the tests was in the same direction from anode
to cathode. Results indicate that electro-osmotic flow had a sig-
nificant effect on the way in which Fenton’s reagent was added to
the system. Higher flow in test 2 could be attributed to the higher
current developed during the test. A difference in current occurs
due to the physico-chemical processes such as electromigration of
ionic species and electrolysis reactions which could affect the sur-
face charges of soil and hence the electro-osmotic flow [18]. Studies
by Hamed and Bhadra [19] showed that increased current leads to
higher electro-osmotic flow which results in decreased processing
time.

3.4. Contaminant removal

Fig. 6 shows the cumulative contaminant removal during tests
1 and 2. An overall removal efficiency of 64% was observed for
test 1 which lasted for 14 days. The overall removal efficiency
for test 2 which lasted for 12 days was 62%. The rate of con-
taminant removal was higher in test 2 when compared to test
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Fig. 6. Contaminant removal: cumulative rate of contaminant removal for tests 1
and 2.
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Fig. 7. Contaminant distribution: distribution of HCB in soil with elapsed time dur-
ing test 1.

1. This is because of higher electro-osmotic flow that devel-
oped in test 2. The increased electro-osmotic flow resulted in
better interaction between the soil contaminant particles and
the pore fluid which caused faster desorption of HCB from
the soil. There was a steady increase in the removal rate with
time, which indicates that further removal is possible with
time.

The final average concentration of HCB in soil for both tests
is nearly the same. But the degradation of HCB depends also on
its position. Figs. 7 and 8 show the distribution of HCB in soil
along the anode and cathode portions of soil for test 1 and test
2, respectively (mass concentration, C divided by initial mass con-
centration, Cp). Though there was a significant reduction in the
contaminant concentration, from the figure it is evident that in
test 1, removal was slower in the anode part. 66% of HCB present
initially was removed from the anode portion and 67% from the
cathode portion. A higher removal was observed along the cath-
ode portion. This could be because of the comparatively higher
electro-osmotic flow which developed at the cathode portion due
to the relatively higher pH in that region which resulted in bet-
ter soil-solution contaminant interaction than in the portion near
anode.

But in test 2, HCB which accumulated in the cathode part did
not undergo significant degradation. This was because of the high
pH developed in the cathode part which was not suitable for the
Fenton'’s reaction to take place. The final concentration of HCB in
the anode part in test 2 was 0.141, which shows that there was 86%
removal in the anode part. This indicates that higher contaminant
removal is possible in test 2 if pH at the cathode could be controlled.
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Fig. 8. Contaminant distribution: distribution of HCB in soil with elapsed time dur-
ing test 2.
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Table 2
Energy consumption

Test Voltage (V) Energy consumption (kWh) Removal efficiency (%) Removal efficiency per energy consumption
1 30 0.0936 64 683.76
2 30 0.2232 62 277.77

3.5. Energy consumption

The energy consumption for the tests was calculated [20] and
is presented in Table 2. During test 1 which lasted for 14 days, the
energy consumed was 0.0936 kWh and that for test 2 which lasted
for 12 days was 0.2232 kWh. The removal efficiency per energy con-
sumption for test 1 was found to be 2.46 times higher than that
in test 2. The relatively higher energy consumption in test 2 has
occurred because of the high current developed during the test.
Energy consumption is considered to be one of the major factors
for a reasonable choice of remediation methods.

4. Conclusions
From the studies carried out, the following can be concluded:

¢ Enhanced electrokinetic process is a feasible method for treating
low permeable soil contaminated with HCB.

e 3-Cyclodextrin was observed to be effective in enhancing the
mobility of HCB in the system.

¢ An overall removal efficiency of 64% was observed “almost” uni-
formly across the soil during the electrokinetic Fenton test 1
(electrodes in chamber) which lasted for 14 days.

¢ An overall removal efficiency of 62% was observed during elec-
trokinetic Fenton test 2 (electrodes in soil) which lasted for 12
days. But the removal was uneven across the soil due to the high
pH developed at the cathode region. The performance of elec-
trokinetic Fenton test 2 (electrodes in soil) could be improved if
the pH level can be controlled at the cathode region.
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Integration of electrokinetics with chemical oxidation especially Fenton's process is a widely accepted
technique for the degradation of organic compounds in soil. This paper presents a study on the effect
of cyclodextrin as an enhancing agent during the electrokinetic Fenton process for the remediation of
soil contaminated with a hydrophobic organic compound. Kaolin was used as the model clay and was
spiked with hexachlorobenzene (HCB) to get an initial concentration of 100 mg/kg. An attempt was made
to evaluate the performance of high concentration hydrogen peroxide (H,0,) to oxidize the contaminants
in the sorbed state in the presence and absence of cyclodextrin. The treatment was carried out for 15
consecutive days. The results clearly demonstrate the efficiency of the process while at the same time, the
distribution of the residual contaminant in the soil is greatly influenced by the presence of cyclodextrin.
There was no soluble iron addition during the process and the system used the inherent iron in kaolin
to catalyze the Fenton-like reactions. A maximum of 76% removal of the contaminant from the soil was
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observed when 30% H,0, was used in the absence of cyclodextrin.
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1. Introduction

The main advantage of using electrokinetics in soil remedia-
tion is that it can be applied to fine grained soil. Electrokinetics
is now being widely studied for its potential for remediating low
permeable soil. As the pore size of soil decreases, its hydraulic per-
meability decreases and hence other remediation techniques which
solely depend on the soil permeability for efficient contact between
the contaminant and the reacting media are not suitable for low
permeable soils like clay. Values of hydraulic conductivities of sand
and clay are 1 x 104 and 1 x 10~8 m/s, respectively, whereas, the
electrical conductivities of these soil lie within an order of magni-
tude [1]. Therefore electrokinetics can be applied to heterogeneous
layer of soils also.

The mechanism of electrokinetic remediation for the treatment
of soil contaminated with organic compounds is that the contam-
inants sorbed to the soil particles dissolve in the pore fluid and
are transported towards the cathode by electroosmosis. The con-
taminants are thus removed from the soil and accumulated in
the cathode chamber. These contaminants collected in the cath-
ode chamber requires further treatment. This sequential treatment
of contaminated soil would be more efficient if the contaminants

* Corresponding author. Tel.: +358 445567480; fax: +358 153556513.
E-mail addresses: plamthot@uku.fi, anshy_o@yahoo.com (A. Oonnittan).

1383-5866/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.seppur.2008.10.021

are removed and at the same time destroyed in the soil without
generating a waste stream. This could be achieved by integrat-
ing electrokinetics with a suitable chemical oxidation process.
Electrokinetics and chemical oxidation when used concurrently
simplifies the process and destroys the contaminants in the soil
itself. However, during the treatment of organic compounds, the
solubility of the compound in the pore water is pivotal for the pro-
cess to be feasible. Therefore, when treating hydrophobic organic
compounds (HOCs) characterized by high log Kow, suitable enhanc-
ing agents which increase their solubility in the pore water should
be used.

Cyclodextrins, formed by the degradation of starch by bacteria,
are linear chain glucose molecules with their ends joined to form a
cyclic structure. They form inclusion complexes with hydrophobic
organic compounds by partitioning them to the center of their ring,
thus significantly enhancing the aqueous solubility of organic com-
pounds [2]. Major advantages of using cyclodextrins as enhancing
agents are their low toxicity and higher degradability [3]. More-
over, cyclodextrins have been proved effective for the mobilization
of PAHs and other HOCs in contaminated soil [4,5].

Hydrogen peroxide is a moderately powerful oxidizing agent
capable of oxidizing organic contaminants.

Due to the low rates of reaction, oxidation by H,0; is not effec-
tive for certain refractory contaminants [6].

Catalyzed H,0, systems are now being increasingly used and
considered as a powerful oxidising agent. This is because of the
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ability of such systems to produce hydroxyl radicals which react
with most organic compounds at diffusion controlled rate of
1 x 10" M~1s-1[7]. Commonly used catalysts are transition metals
typically iron due to its availability and abundance. The applicabil-
ity of iron catalyzed H, O, as an oxidizing agent was first reported by
Fenton [8]. Later on, several works documented the use of iron cat-
alyzed H,0; system (Fenton’s process) for the oxidation of several
organic compounds including recalcitrant contaminants [9-15].
The use of Fenton’s process is favored also due to the fact that the
reaction products are rather environmentally benign.

The applicability of Fenton’s oxidation to fine grained soil by
integrating the process with electrokinetics was studied and suc-
cessfully tested by several researchers [16-20].

The mechanism of hydroxyl radical generation by Fenton’s pro-
cess is shown in Eq. (1).

H,0, + Fe?* — OHx + OH™ +Fe3* (1)
In the presence of organic substrate the reactions include:
RH + OHx — R +Hy0 + HOx;, (2)

The hydroxyl radicals are generated in aqueous solutions [6]
and are capable of oxidizing the contaminants in aqueous solution.
Therefore, during the treatment of sorbed contaminants, the use
of enhancing agents bring the contaminants to the desorbed phase
and thus make them available for oxidation.

However, it was documented that oxidation of sorbed con-
taminants in the subsurface can be promoted by using high
concentration H,0, (>2%) [21].

This is because, the use of high concentrations of H, O, favors the
generation of highly reactive species other than hydroxyl radical
like hydroperoxide radicals (HO*;), superoxide anions (0*;~) and
hydroperoxide anions (HO*, ~) which are capable of degrading even
the most recalcitrant compounds in the sorbed form [22].

H,0, +OHx — H,0 + HOx, 3)
HO#y — Osp +H* (4)
HOx, + Fe?t — HOyx~ +Fe3* (5)

These studies reveal that sorbed hydrophobic contaminants can
be treated without any enhancing agents if high concentration
H,0, is used. These findings throw light on effective treatment of
low permeability soil contaminated with HOCs. Though the use of
enhancing agents are highly beneficial, the fate of these agents and
their mechanism of action need to be well understood and studied,
especially when this technique aims at degrading the pollutants in
the system itself.

This study investigates the efficiency of high concentration H,0,
in remediating soil contaminated with a hydrophobic organic com-
pound by electrokinetic Fenton process. The representative HOC
in this study is HCB. Though the commercial manufacture of HCB
is banned in most of the countries, it is still being produced as
a byproduct in the waste stream during the manufacture of per-
chloroethylene, carbon tetrachloride, trichloroethylene and other
chlorinated hydrocarbons. Moreover, the estimated half life of HCB
in soil is around 4 years. Laboratory scale experiments were per-
formed for treating HCB contaminated soil by electrokinetic Fenton
process with different concentrations of H,0; (5%, 15% and 30%).
The effect of an enhancing agent in these system were also studied
by conducting the same series of experiments in the presence of an
enhancing agent. Cyclodextrin was used as the enhancing agent in
this study.

Table 1
Kaolin characteristics.
Properties Values
Mineralogy
Kaolin 100
Particle size distribution
Gravel % 0
Sand % 7
Silt % 17
Clay % 76
Specific gravity 0.508
Carbonate content % 55
pH 52
Electrical conductivity (uS) 189.2
Cation exchange capacity (mmol/100g) 3

2. Materials and methods
2.1. Soil and chemicals used

Kaolin was used as the model soil for all the experiments. Kaolin
is the representative low permeable soil used in many laboratory
scale experiments. Laboratory grade kaolin was obtained from VWR
International (Finland). Physical and chemical properties of kaolin
were determined based on the methods prescribed by soil science
methods and applications [23] and are shown in Table 1.

HCB was purchased from VWR International (Finland). Physical
and chemical properties of HCB are shown in Table 2.

30% hydrogen peroxide was supplied by ].T. Baker (Finland) and
the required dilutions were made using deionized water.

B-Cyclodextrin was purchased from Sigma-Aldrich. 1% (by
weight) cyclodextrin solutions were used for all the experiments.

2.2. Electrokinetic apparatus and test specimen

The apparatus consisted of a single chamber with dimensions
20cm x 14 cm x 8 cm and was made of HDPE. Approximately 500 g
of contaminated kaolin was carefully stacked into the chamber. The
moisture content of the kaolin was maintained at around 40%. The
graphite electrodes used had a surface area of 32.97 cm?. Electrodes
were inserted into the soil at either end of the soil chamber at a
distance of about 1.5 cm from the wall of the chamber.

Contaminated kaolin used as the test specimen was prepared by
artificially spiking the kaolin with HCB. For this, HCB/hexane solu-
tion was prepared so as to get a target concentration of 100 mg/kg in
the contaminated soil. It was then added to dry kaolin, mixed well
and left in the fume hood till all the hexane evaporated and the soil
mass was dry. The dry contaminated soil was thoroughly mixed
to get a homogeneous mixture and then brought to the required
moisture content. The test specimen was then stacked into the soil
chamber and samples were taken from different points to deter-
mine the initial pH and HCB concentration.

Table 2

Physical and chemical properties of HCB.

Property Value
Molecular mass 284.78
Melting point (°C) 231
Boiling point (°C) 325
Vapour pressure mm Hg at 20°C 1.09 x 10-3
Water solubility mg/L at 20°C 0.005815
Log octanol/water partition coefficient 5.73
Density at 23 °C (g/cm?) 2.044
Flash point (°C) 242
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2.3. Operating conditions

Experiments were conducted in two series: first series experi-
ments consisted of three tests with different concentrations of H, O,
in the absence of cyclodextrin. Test 1 with 30% H, O, Test 2 with 15%
H,0,, and Test 3 with 5% H,0,. Second series tests also consisted
of three tests with the same different concentrations of H,0,, but
in the presence of cyclodextrin.

For the first series experiments, the test specimen was directly
stacked into the soil chamber. Electrodes were then inserted into
the soil and connected to the power supply. H,0, solutions (30%
for Test 1, 15% for Test 2 and 5% for Test 3) were periodically added
from the anode area.

For the second series experiments, the test specimen was homo-
geneously mixed with cyclodextrin solution before stacking them
into the soil chamber. Then, the electrodes inserted into the soil
were connected to the power supply and H,0, solutions (30% for
Test 4, 15% for Test 5 and 5% for Test 6) were periodically added
from the anode area.

All the experiments were carried out without adding any Fe to
the system. Inherent iron in kaolin was expected to catalyze the
H,0; during the Fenton’s oxidation. An applied voltage of 30V was
used for all the experiments. Blank tests were also run in order to
estimate the contaminant loss by evaporation. All the tests were
run for 15 consecutive days.

A sorption test was also carried out to determine the sorption of
HCB by the kaolin used for experiments. The details of the sorption
experiments are explained in Section 3.1.

2.4. Chemical analyses

pH and redox potential of the soil were measured at the end of
the experiment. pH was measured by using a pH meter (pH 730
inoLab WTW series) and redox potential by redox meter. The final
soil mass at the end of the experiment, was divided into each 2 cm
sections for HCB analysis. HCB was extracted from the soil sample
by ultrasonication based on a method adopted from Yuan et al. [24].
The extract so obtained was analyzed using a gas chromatograph
coupled to an inert mass selective detector (Agilent 5975). The col-
umn used was HP-5 capillary column (30 mm x 0.32 mm i.d.) with
a 0.25 wm film thickness. Helium at constant flow rate (25cm/s)
was used as carrier gas. The oven temperature was programmed
from 40 to 270°C at 10 °C/min. The injector temperature used was
250°C and the injection volume was 1 pL. All the analyses were
done in duplicate soil samples.

3. Results and discussions
3.1. Sorption of hexachlorobenzene to kaolin

Adsorption of the contaminant particles and partitioning into
soil organic matter may significantly interfere with the contam-
inant mobility through the soil. The sorption capacity of HCB
to the kaolin used was studied by conducting a series of batch
experiments. 1¢g kaolin was carefully weighed and taken in glass
tubes. HCB/hexane solutions of varying concentrations from 100 to
800 mg/L were added to these tubes. The tubes were then tightly
closed and subjected to constant shaking for 48 h at 123 rpm using
a mechanical stirrer and then centrifuged at 5000 rpm for 10 min.
Finally, the supernatant was collected and analyzed for the con-
taminant concentration. In the closed system where the sorption
experiments were carried out, a vapour phase also existed and
therefore HCB will be present in all the three phases at equilibrium
and hence the difference between the initial and final concentra-
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Fig. 1. Fitting of the linear isotherm to the experimental data obtained for the sorp-
tion of HCB by kaolin.

tions of the liquid would not give the amount of HCB sorbed to
kaolin. Therefore, the amount of HCB sorbed to kaolin was deter-
mined by separately analyzing the kaolin.

The results of the sorption experiments are shown in Fig. 1. Sorp-
tion of HCB to kaolin seem to follow a linear equation. The sorption
data could be fitted to the following equation:

Q= 1.3599C (6)

where Q is the mass of HCB sorbed per unit mass of kaolin (mg/kg)
and Cis the concentration of HCB in solution at equilibrium (mg/L).

This is in good agreement with the results obtained by
Schwarzenbach and Westall [25] and Means et al. [26] who stated
that the sorption of nonpolar organic compounds of low to inter-
mediate lipophilicity by aquifer materials and the sorption of other
PAHs on different sediment and soil substrates followed linear equi-
librium isotherms.

3.2. pH profile and electroosmotic flow

Figs. 2 and 3 show the soil pH profile across the soil section at the
end of the experiments. The low pH developed near the anode and
the high pH developed near the cathode are the typical pH trends
shown during the electrolysis reactions of water. However, the soil
pH in all the cases were found to be acidic (below 7) across the soil
section excluding the area in the distance 2-4 cm from the cathode.
This shows that the acidic front advanced faster than the basic front
and neutralized the OH~ ions migrating towards the anode area.
The migration of H* ions is known to be 1.75 times faster than OH—
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Fig. 2. Soil pH profile at the end of the first series experiments (conducted in the
absence of cyclodextrin). (Test 1-30% H,0, (HP), Test 2-15% H,0, (HP), Test 3-5%
H,0, (HP)).
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Fig. 3. Soil pH profile at the end of the second series experiments (conducted in the
presence of cyclodextrin). (Test 4-30% H,0, (HP), Test 5-15% H,0, HP), Test 6-5%
H,0, (HP)).

ions [27]. During the experiments, the soil pH near the cathode
went up to 12 and in the immediate vicinity of the anode the pH
dropped below 2.

Measurement of soil pH is important in these studies because,
Fenton’s reaction depends on the pH developed during the experi-
ments.

Hydroxyl radical generation by Fenton’s process is favored in
neutral to acidic pH range whereas, in alkaline environments H,0,
decomposes to oxygen and water. Therefore, the soil pH developed
during the experiments were conducive for Fenton’s oxidation to
take place.

However, extreme acid conditions might reduce the oxida-
tion effectiveness because of the consumption of hydroxyl radicals
through the following reaction [28]:

HO* + H* +e~ — H,0 (7)

The physiochemical properties of soil depend on pH also. One
such property is the zeta potential. Zeta potential decreases linearly
with the logarithm of the pH of the soil medium [29]. According
to Helmholtz-Smoluchowski equation, the direction of electroos-
motic flow depends on the zeta potential of the soil [30].

However, the measured zeta potential at all the pH of the soil
sample was found to be negative and hence the electroosmotic flow
was always from anode to cathode.

3.3. Redox potential

The measured redox potential of the soil at the of the experi-
ment is shown in Figs. 4 and 5. The values of redox potential reveal
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Fig. 4. Redox potential of soil at the end of the first series experiments (conducted
in the absence of cyclodextrin). (Test 1-30% H,0, (HP), Test 2-15% H,0, (HP), Test
3-5% H,0, (HP)).
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Fig. 5. Redox potential of the soil at the end of the second series experiments (con-
ducted in the presence of cyclodextrin). (Test 4-30% H,0, (HP), Test 5-15% H,0;
(HP), Test 6-5% H,0, (HP)).

that highly oxidizing conditions existed in the whole soil specimen
except near cathode. The redox potentials did not vary much with
different concentrations of H, O, during both first series and second
series experiments.

For different concentrations of H,0, in first and second series
experiments, the distribution of different forms of iron was found
to be similar, i.e. experiments which used 30% H,0, showed sim-
ilar distribution of iron forms both in the presence and absence of

2+ 2+
Fe' Fe’
Fe?* Fe?* Fe?* Fe?*
FeOH3 Fe?* Fe?* FeOH; Fo?* Fe2*
FeOH3 . 2
FeOH3 Fe? FeOHs Fe?* Fe?*
FeOHs  Fe® Fe™*
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
(a) Tests 1 and 4 (b) Tests 2 and 5
Fe?
Fe?* Fe?
Fe(OH)3 Fe?* Fe?*
Fe?*
Fe(OH)3 Fe?* Fe?*
Fe?*
0 2 4 6 8 10 12 14 16 18 20

(¢) Tests 3 and 6

Fig. 6. Speciation of Fe in soil at the end of the experiments: (a) Tests 1 and 4, (b) Tests 2 and 5, and (c) Tests 3 and 6.
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Fig. 7. Current developed with elapsed time during the first series experiments
(conducted in the absence of cyclodextrin). (Test 1-30% H, 0, (HP), Test 2-15% H, 0>
(HP), Test 3-5% H,0;, (HP)).

cyclodextrin. The same was observed in experiments with 15% and
5% H,0,.

According to the pH-pE speciation diagram, the dominant form
of iron was shown to be Fe2* throughout the soil section in all the
experiments (Fig. 6), while near cathode Fe(OH); prevailed. This
shows that the inherent iron was present as Fe2* throughout the
central and anode area of the system during the experiments. The
presence of Fe(OH)3 was also obvious from brownish precipitates
that appeared near the cathode area as the experiments progressed
in all the systems.

3.4. Current

The current during the experiments increased initially and then
dropped to a lower value and then remained constant till the end
of the experiments (Figs. 7 and 8). This is a general phenomenon
developed during electrokinetic tests, because of the dissolution of
ionic species present in the soil when electric field is applied. In
both first and second series experiments, the initial current devel-
oped was higher when 30% H,0, was used. A subsequent periodic
increase in the current was observed during the first series experi-
ments with 15% and 5% H, O,. This resulted due to the periodic addi-
tion of H,0, and deionized water to the system. However, this effect
was not so pronounced in other tests. The current seemed to stabi-
lize towards the end of the experiment and this might be because
the system attained a steady state after 9-10 days of operation.
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Fig. 8. Current developed with elapsed time during the second series experiments
(conducted in the presence of cyclodextrin). (Test 4-30% H, O, (HP), Test 5-15% H, 0>
(HP), Test 6-5% H20, (HP)).

The maximum current developed was higher in the second
series tests. This could be attributed to the presence of cyclodex-
trin in the system which increased the permeability and hence the
migration of ionic species through the soil medium.

3.5. Oxidation of HCB in the absence and presence of cyclodextrin

HCB is a hydrophobic compound with a log Kow of 5.32 and
hence in soil it exists in a sorbed state. During electrokinetics, the
use of cyclodextrins or other enhancing agents is expected to bring
about the movement of hydrophobic contaminants via electroos-
mosis by dissolving the sorbed contaminants in the pore fluid.
Therefore, in the absence of enhancing agents, the contaminants
remain in the sorbed state and the high concentration hydrogen
peroxide used during the experiments create the vigorous condi-
tions required for oxidizing the sorbed HCB.

The distribution of HCB (as ratio of mass concentration of HCB
in soil (C) to the initial mass concentration of HCB in soil (Cp)) in
the soil section at the end of the first series experiments is shown
in Fig. 9.

In all the experiments (Tests 1-3 with different concentrations
of H,0,), the HCB in the soil section 0-14 cm from the cathode has
undergone significant degradation while, there is an accumulation
or presence of undegraded HCB in the anode area 14-18 cm from
the cathode.

One possible reason for this could be the deficiency of iron
(FeZ*|Fe3*)in the anode area. Since no iron was added to the system
during the experiment, the system used inherent iron in the soil to
catalyze the Fenton’s reaction. When the electric field was applied,
the iron available in the soil started migrating towards the cathode
and hence the anode area was deficient of iron. Also, the extremely
low pH developed at the anode (<2.5) was not suitable for Fenton’s
oxidation to take place.

During Test 1, when 30% H, 0, was used, the average overall con-
taminant removal was 76% in the section 0-14 cm from the cathode,
excluding the anode area and 64% if the entire soil section from
cathode to anode is considered. Test 2, where 15% H,0, was used,
resulted in an average overall removal of 50% in a distance 0-14 cm
from the cathode and 33% in the whole soil section. Likewise, in
Test 3, where 5% H,0, was used, the average overall removal in the
section 0-14 cm from the cathode was 59% and 50% for the whole
soil section.

Therefore, based on the experimental results, high concen-
tration H,0, is capable of oxidizing sorbed contaminants in the
absence of soluble iron. This is possibly due to the generation of
non-hydroxyl radicals at high concentrations of H,05.

— — 30 % HP

Distance from cathode (cm)

Fig. 9. Distribution of HCB in soil at the end of the first series experiments (con-
ducted in the absence of cyclodextrin). (Test 1-30% H,0, (HP), Test 2-15% H,0;
(HP), Test 3-5% H,0, (HP)).



A. Oonnittan et al. / Separation and Purification Technology 64 (2009) 314-320 319

14
— —300

- N 30 % HP

; I — 15 % HP

[ —- 5%HP

C/ICo

t + t t t t + t t |

0 2 4 6 8 10 12 14 16 18 20
Distance from cathode (cm)

Fig. 10. Distribution of HCB in soil at the end of the second series experiments
(conducted in the presence of cyclodextrin). (Test 4-30% H,0, (HP), Test 5-15%
H,0, (HP), Test 6-5% H,0, (HP)).

Fig. 10 shows the distribution of HCB at the end of the sec-
ond series experiments where cyclodextrin was used as enhancing
agents.

It was observed that during the experiments, an aqueous phase
existed near the cathode till a distance 0-4 cm. In this region, the
soil particles acted as colloids and moved toward the opposite
direction under the electrophoretic action. This caused the soil to
displace away from the cathode. This phenomena was predomi-
nant in the region 0-4 cm from cathode. From 4 to 20 cm distance,
the soil was a compact layer and electroosmosis was the dominant
transport mechanism in this region. This explains the accumulation
of HCB in the middle region of the soil section. Also, the discontinu-
ity in the flow path caused by the displacement of soil contributed
to the accumulation of HCB in the middle part.

Compared to the first series experiments, the second series
experiments did not show any apparent contaminant removal from
the system. However, unlike the first series experiments, the con-
taminant particles seemed to move from the anode and there was
no accumulation of HCB in the anode area. In these experiments,
in the presence of cyclodextrin, HCB existed in the desorbed state
and therefore moved towards the cathode with the electroosmotic
flow.

Assuming that, when H,0, was added to the system, the HCB
particles were present as inclusion complexes with cyclodextrin,
the lower rate of oxidation indicates that these inclusion complexes
were more stable and resistant to oxidation. The slower rate of oxi-
dation may also be because, a part of the H,O, first attacks the
organic fraction of the cyclodextrin inclusion complex and then
release HCB, which is in an encapsulated state, which is then avail-
able for oxidation.

When the contaminants are in desorbed state, the generation
of hydroxyl radicals is favored in the aqueous phase and hence the
slower rate of oxidation could also be due to the absence of soluble
iron to catalyse the Fenton oxidation in the system.

It was also reported that, though high concentration H,0, is
capable of oxidizing sorbed contaminants, they are ineffective in
treating desorbed contaminants because of the quenching reac-
tions particularly the reaction of hydroxyl radicals with H,0, (Eq.
(8)), which is favored by higher H,0, concentrations [10].

OH* + H,0; — HO,* + H,0 (8)
Therefore, the slower rate of oxidation during the second series

experiments might have occurred due to one or several of the above
stated reasons.

4. Conclusions

The treatment of sorbed contaminants by Fenton-like processes
using high concentrations of hydrogen peroxide catalyzed by inher-
ent iron present in kaolin was investigated. The effect of the
presence of cyclodextrin as an enhancing agent in these systems
was also looked into. The results of the treatment which lasted
for 15 consecutive days showed that the sorbed contaminants
were effectively oxidized by high concentration hydrogen perox-
ide catalyzed by inherent iron present in the soil. Therefore, during
electrokinetics hydrophobic compounds sorbed to the soil could
be degraded without adding any enhancing agents. This is possible
since, in this process the contaminants do not rely on their mobility
or solubility in the pore water. However, the absence of enhancing
agents and soluble iron in the system resulted in an accumulation of
contaminant particles in the anode portion of the system. The same
treatment tests conducted in the presence of cyclodextrin as an
enhancing agent led to a slower rate of oxidation when compared to
the rapid oxidation of contaminants in the absence of cyclodextrin.
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Electrokinetic technology in its various forms has already shown its potential as a promising technology
for the remediation of organic compounds in soil. Efforts to improve and optimise the process have even-
tually led to the coupling of electrokinetics with other remediation techniques like chemical oxidation.
This paper reports the results of a series of electrokinetic Fenton experiments carried out to investigate
the effect of oxidant delivery and availability on contaminant removal and its subsequent impact on
the treatment duration. In doing so, we have tried to show that the treatment duration can be consid-
erably reduced by the proper introduction of the oxidants to the soil for a better oxidant availability
throughout the soil section. Experiments were conducted at laboratory scale using kaolin spiked with
hexachlorobenzene (HCB). Though each experiment resulted in different removal rates, under specific
experimental conditions, a maximum of 57% contaminant removal was obtained. However, the oxidation
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HCB reactions in these experiments did not show any pH dependence in the range 2.9-5. A more uniform and
Soil remediation better HCB degradation was possible in a shorter duration by the proper introduction of oxidant into the
soil.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Coupled technologies are now increasingly being researched
due to their potential for achieving better remediation goals and
operational performances. Various research groups have estab-
lished the success of electrokinetic technology for the remediation
of low permeable soil contaminated with heavy metals and organic
compounds at laboratory level [1-3]. Though, laboratory scale stud-
ies have been in progress since nineties, published reports suggest
that only few case studies and field performances have been done
so far [4]. The growing awareness of the risks, both ecological and
to human health, posed by persistent organic pollutants (POPs)
in soil has put the research community in a constant search for
effective and efficient ways to address the limitations of existing
technologies for the remediation of soil. One such approach has led
to the integration of electrokinetics with Fenton oxidation for the
remediation of POPs in soil [5-7]. Fenton oxidation has proved to
be effective for the remediation of soil contaminated with organic
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compounds [8-11]. The attractiveness of this coupled technology
is that it addresses one of the major shortcomings of electroki-
netic remediation by removing as well as destroying/degrading
the contaminants, thus avoiding a further treatment or disposal
of the waste stream. Also, Fentons oxidation is capable of oxidising
the most recalcitrant organic compounds [12-15]. Electrokinetic
Fenton process can be regarded as a relatively clean technology,
since it employs a mixture of hydrogen peroxide and ferrous salts
to achieve the remediation. Hydrogen peroxide which is environ-
mentally benign is easily available, cheap and used commonly in
various applications in environmental engineering [15,16].

The conventional Fenton’s reagent comprises of low concentra-
tion hydrogen peroxide (H,0;) and ferrous salts. In the presence
of an oxidising substance the Fenton’s reagent generates hydroxyl
radicals at the specified reaction conditions [17]. These hydroxyl
radicals are active in aqueous form and hence are unable to attack
sorbed contaminants [18]. However, the use of high concentra-
tion hydrogen peroxide to oxidise sorbed contaminants is well
documented [9,12]. This is because the use of high concentra-
tions of H,O, that favours the generation of highly reactive species
other than hydroxyl radical like hydroperoxide radicals (HO*;),
superoxide anions (O,*~) and hydroperoxide anions (HO,*~). The
generation of these non hydroxyl radicals in the presence of high
concentration hydrogen peroxide leads to aggressive reaction con-
ditions which ultimately destroy the sorbed contaminants [19,20].
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Table 1
Oxidant delivery mode and point of application in different experiments.
Test Voltage Anolyte Injection well Catholyte Mode of oxidant delivery Dimension of the  Duration
(V/cm) soil chamber (days)
used (cm)
EK-1 1.5 H,0; Nil Deionised water From anode 20x7.5x12 20
EK-2 1.5 H,0; +FeS04 Nil Deionised water Serial addition one after 20x7.5x12 20
the other from the anode
EK-3 1.5 H,0; +FeSO4 Nil Deionised water FeSO4 added as the anolyte 20 x 7.5 x 12 15
and then added H, 0, after
five days to the anode
EK-4 1.5 H,0; +FeSO4 Two wells at distances 4-6cm  Deionised water FeSO4 added as the anolyte 20 x 7.5x 12 15
from both the walls, and then added H,0; after
cylindrical, 2 cm diameter. five days to the anode and
wells
EK-5 2 H,0, +FeS04 One well at the center of the Deionised water FeSO,4 added as the anolyte 15 x 15 x 15 10

soil mass, cylindrical, 2cm
diameter.

and then added H, 0, after
two days to the anode and
well.

The success and performance of such in situ processes rely on
certain key factors including oxidant selection, oxidant loading and
oxidant delivery. Numerous studies have been conducted on the
oxidant loading or in other terms the dosing of Fenton’s reagent for
the oxidation of a variety of soil contaminants like phenanthrene,
pyrene and chrysene [20]. On the other hand, little attention has
been given on the studies on oxidant delivery method, especially
during electrokinetic treatment of soil contaminated with POPs.
Oxidant delivery is important since it determines the extent to
which the contaminated soil comes into contact with the oxidant.
Therefore, the oxidant should be delivered to the soil in such a way
so as to facilitate effective soil-oxidant interaction. In electroki-
netic Fenton process, the oxidant is transported through the soil
matrix by electroosmosis. During the course of its transport, the
oxidant comes into contact with the soil and attacks the contam-
inant. Therefore the availability of oxidants in its active form is of
paramount importance. Along with other prerequisites, the rate of
transport and availability of the oxidant is a deciding factor for the
treatment duration required for the contaminated soil.

This paper presents the results of a study carried out to inves-
tigate and analyse the effects of soil-oxidant interaction and
the mode of oxidant delivery on the treatment performance by
electrokinetic Fenton process. Spiked kaolin was subjected to elec-
trokinetic Fenton process at varying operating conditions. The
different test conditions included different modes of oxidant deliv-
ery and different points of delivery. The results were deciphered by
the final contaminant concentrations in soil and other parameters
such as soil pH and redox, current, and cumulative flow.

2. Materials and methods
2.1. Preparation of experiments

Kaolin obtained from VWR International (BDH Prolabo, bole
white washed) was used as the model low permeability soil in
all experiments. Main characteristics of this kaolin, as analyzed
at our laboratory have been reported earlier [21]. Kaolin repre-
sents a typical model soil for electrokinetic experiments due to
its physico-chemical characteristics such as low cation exchange
and buffering capacities. The representative POP used in this study
was HCB and was obtained from Aldrich (99% purity). Though,
the production and use of HCB is banned globally except in few
developing countries, its high water-octanol partition coefficient
and chemical stability makes it an ideal model contaminant as
a persistent hydrophobic contaminant. Other chemicals used in
the experiments included hydrogen peroxide (Normapur® 30%
from BDH Prolabo or Perhydrol® 30% from Merck KGaA, both

analytical grades) and ferrous sulphate (FeSO4-7H,0, J.T. Baker,
analytical grade). FeSO4 solution was freshly prepared before use.
The required dilutions were made with deionised water (DW).

The test soil was prepared by spiking kaolin with HCB. For that,
clean kaolin was mixed with a stock solution of HCB in hexane
(Suprasolv® for gas chromatography, from Merck KGaA) to get the
desired initial concentration (100 mg/kg) that was quantified by
gas chromatography-mass spectrometry (GC-MS) after spiking.
After mixing the HCB solution with kaolin and stirring it homoge-
nously, it was left in the fume hood until all the hexane evaporated
and resulted in a dry homogeneous mixture of HCB contaminated
kaolin.

Deionised water was added to weighed quantities of spiked
kaolin to attain the desired moisture level. The saturated kaolin
was then carefully stacked to the soil chamber of the electrokinetic
testing apparatus.

The apparatus used for the experiments EK-1 to EK-4 consisted
of a single acrylic cell divided into three chambers, a soil cham-
ber with electrode chambers on either side. The dimension of the
soil chamber was 20 x 7.5 x 12 cm (length x width x height). The
apparatus used for EK-5 also was of the same design but differ-
ent dimensions of 15 x 15 x 15 cm. In some experiments, injection
wells (2 cm diameter) made of perforated polyvinyl chloride tubes
covered with nylon cloth were inserted to the soil chamber. The
electrode chambers, filled with an anolyte or catholyte solution,
were separated from the soil by nylon cloth. Electrodes made of
platinum-coated graphite were immersed in the electrolytes and
connected to a direct current (DC) power supply.

2.2. Operating conditions

The operating conditions for the experiments are summarized
in Table 1. Each experiment differed in either the mode or point
of oxidant delivery. The catholyte solution was always deionised
water. In EK-1 test without iron addition, H, O, in the concentration
range 10-12% was used as the anolyte. In this case, inherent iron in
kaolin was expected to catalyse the oxidation reaction. In tests with
iron addition, Fe was added as ferrous sulphate solution prepared
with a Fe to substrate mass ratio of 1:10.

The first three experiments, EK-1, EK-2 and EK-3 were carried
out in the apparatus without injection wells, and the oxidant (and
Fe catalyst) was added from the anode. In EK-4 and EK-5, oxidant
was added from the anode as well as one or two injection wells. EK-
5 was conducted at a higher voltage gradient, the rationale behind
which was improved performance in shorter duration. The appa-
ratus used for this experiment was larger, and hence the water
volume flushed through the test specimen was also higher.
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Fig. 1. Soil pH at the end of the experiments.

2.3. Chemical analyses

The experiments were subjected to daily monitoring of elec-
trode solution pH, current and cumulative flow. pH and redox
were measured using a portable pH/conductivity meter WTW 340i
equipped with SenTix 61 and SenTix ORP sensors. Cumulative flow
was determined by measuring and balancing the additions made
to the anolyte and the volume removed from the catholyte each
day. At the end of each experiment, the anolyte and catholyte were
removed and then the treated kaolin was divided into four equal
sections. The pH and redox of the soil samples were measured in
a suspension of the sample in deionised water in the ratio 1:25.
After measuring the pH and redox potential of the soil sections, the
soil samples were dried and analysed for HCB. Soil samples were
extracted using ultrasonication based on the method followed by
Yuan et al. [22]. 5 ml of hexane was added to 1 g of kaolin, sonicated
for 30 min, then centrifuged, and the supernatant was separated for
analysis. The extracts were then analysed with a GC-MS accord-
ing to Method USEPA-8270 C [23]. Quantification was based on a
linear curve made with four standard solutions of HCB supplied by
Supelco. All the extractions and sample runs were done in duplicate
to ensure the reliability of the measurements.

3. Results and discussion
3.1. pH and redox potential

Fig. 1 shows the soil pH at the end of the experiments. The initial
pH in kaolin was 5.2. Under applied voltage gradient, the H* ions
formed at the anode move at a faster rate, nearly double that of
the rate of OH~ ions [24]. Therefore the advancement of the acidic
front will be faster than the corresponding basic front from the
cathode. This holds true in most of the cases unless the soil has a
very high buffering capacity which impedes the rate of movement
of the acidic front. This could be the reason why the developed pH
in the soil in any case was not basic even near the cathode. In the
absence of any enhancement agents or additions to the soil, the pH
development primarily depends on the soil characteristics and the
applied voltage.

The soil pH shows a similar trend in tests 1, 2 and 3 where there
were no oxidant additions to the soil through the injection wells.
The pH shows a stable value till a distance of 15 cm from the anode
from where the pH steadily increased and reached the maximum
near the cathode. Throughout the soil section, the pH was lowest in
EK-2. This was probably due to the longer treatment time but also
the rapid oxidation of Fe2* in the anolyte and subsequent reactions
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Fig. 2. Redox potential of the soil sections at the end of the experiments.

with excess H,05.
Fe3* + H,0, — Fe?t + OOH- + Ht

However, if the added Fe2* migrates into the soil first and then
undergoes oxidation, the reaction might produce OH- instead of
H*, resulting in a higher soil pH

Fe?t + Hy0; — Fe3™ + OH. + OH~

The developed pH in the middle sections of EK-4 and EK-5 was
higher than in the other experiments. Injection of Fenton’s reagent
into the wells might has had a diluting effect. In EK-4, oxidant was
injected to the soil through the two injection wells placed in the soil
matrix. Similarly, the addition of H,0,; to the soil in EK-5 through
the centrally placed injection well would have caused the pH to rise
in the middle section. Therefore, the addition of HO, through the
injection wells would have been the major factor which contributed
to the rise in soil pH. However, in all the experiments the soil pH
remained below 5.3.

The redox potential gives a good indication of the overall redox
reaction potential of a system; though it does not characterize the
capacity of a system for oxidation or reduction [1]. The redox reac-
tions change the speciation and solubility of many elements. The
redox values across the soil section indicate that a strong oxidis-
ing condition existed throughout the soil section (Fig. 2). The redox
values show a good correlation with the corresponding pH values.
However, in EK-1 the redox was lower than what could have been
predicted based on pH, which may indicate that the production of
oxidizing radicals from H,0, was not efficient without added Fe.
From the Pourbaix diagram for Fe, it can be depicted that in the
pH range of the soil, Fe?* was the predominant form in which iron
existed [25].

3.2. Current

The highest current during each run was observed at the start
of the experiment (Fig. 3). This is obviously because of the high ini-
tial ionic conductivity of the pore water which eventually depleted
resulting in lower current values as the experiment progressed. The
presence of Fe in the system has also contributed to the high initial
current in experiments EK-2, 3, 4 and 5. Even in EK-1, which was
run without added Fe, a current of 8 mA (about 0.3 mA/cm?) was
developed within few hours after the start of the experiment. How-
ever, the high current developed lasted only for four to five days in
all the experiments. The current decreased as the soil resistivity
increased. Subsequent addition of H,0, either to the anode or to
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Fig. 3. Current developed during the experiments with elapsed time.

the injection wells did not cause any significant rise in the current
values.

3.3. Cumulative flow and residual contaminant concentration in
soil

The cumulative flow (CF) obtained at the cathode during each
experiment is plotted in Fig. 4. In all experiments, the anolyte level
either decreased or remained constant during the course of the
treatment, which clearly indicated that the electroosmosis was
always towards the cathode side. The increase in flow was grad-
ual and attained a stable value which shows that there was little
or no significant flow towards the end of the experiments. Sim-
ilar values of CF were obtained from experiments EK-1, 3 and 4,
whereas, EK-2 resulted in a relatively lower value of CF. This could
be due to the operating conditions followed in the experiment
where the addition of oxidant as a mixture of H,0, and FeSO4
resulted in the generation of iron (hydr) oxides which retarded
the electroosmosis and in turn the cumulative flow. No correla-
tion was observed between CF and the developed current in any
of the experiments except that the stabilised values of CF towards
the end of the experiment could be related to the constant low cur-
rent values. However, the exceptionally high CF in EK-5 would have
resulted from the increased field strength due to the higher volt-
age gradient used in the experiment and also from the increased
slurry volume. In experiments where oxidant was added to the soil

1200
1000
800

600

Cumulative flow (ml)

200

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time elapsed (Days)
—EK-1 ==-EK2 —@EK3 --eo- EK-4 =P EK-5

Fig. 4. Cumulative flow obtained at the cathode during the experiments.
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Fig. 5. Distribution of residual HCB in soil at the end of experiments.

through the injection wells, the oxidant solution had to be trans-
ported towards the cathode-like in the other experiments, in order
to be collected from the cathode compartment and included in CF.
However, the total flow constituted the flow due to electroosmo-
sis but probably also hydraulic flow contributed by the oxidant
addition. In low-permeability clays, electroosmosis usually plays
a much more significant role than hydraulic flow. Hence, no dif-
ference in CF was observed in EK-3 and EK-4. The coefficient of
electroosmotic conductivity based on the average electroosmotic
flow was found to range between 8 x 10~ and 2 x 10~> cm?/sV in
these experiments.

Fig. 5 shows the contaminant distribution (expressed as the ratio
of final HCB concentration in soil to initial HCB concentration in
soil, C/Cp) along the soil sections. In EK-1, the concentration profile
shows that some contaminant degradation occurred throughout
the soil section. However, the profile indicates that the soil sec-
tion between 5 cm and 15 cm from the anode had undergone better
oxidation when compared to the soil near the electrodes. In con-
trast, the concentration profile in EK-2 shows that the soil section
between 5 and 15 cm had undergone little or no oxidation at all.
Tests EK-1 and EK-2 were performed under similar operating con-
ditions except for the type of oxidant used in both cases. In EK-1,
the oxidant comprised of H, O, in concentrations ranging from 8% to
12%in the anode chamber, whereas, in EK-2, the oxidant comprised
of H,0, and FeSO4 added serially one after the other. Therefore, the
remediation mechanism in this case can be explained as follows. In
EK-1, H,0, added to the anode chamber was transported through
the soil matrix with the electroosmosis, where it came into con-
tact with the oxidising material, in this case HCB, in the presence
of inherent Fe in the soil. Contaminant oxidation occurred in all
regions where the conditions were suitable for Fenton-like oxida-
tion. The increased rate of oxidation in the anode and middle part
of the soil section indicates that oxidising conditions were more
prevalent in these parts. The term oxidising conditions in this case
implies the presence/availability of oxidants at the optimum reac-
tion conditions. The scenario, however, was quite different in EK-2.
Since, FeSO4 was added to H, 0, in the absence of HCB or other oxi-
dising material, a part of H, 0, was lost by oxidation of the free Fe2*
to ferric oxides/hydroxides immediately in the anode chamber. This
would have led to a shortage of H,0, or reduced availability of the
oxidant to the soil.

Again, EK-3 shows a more or less similar trend in the concentra-
tion profile as in EK-1. Though, the oxidant in this case comprised
of H,0, and FeSQy4, the mode of addition of the oxidant was dif-
ferent from what was followed in EK-2. Here, ferrous sulphate was
flushed through the soil matrix five days before adding H, 0, to the
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anode chamber. This ensured that at any time, H,0, comes into
contact with Fe only in the presence of oxidising material, which
would have resulted in the degradation of HCB present in the soil.
There was hardly any difference in contaminant removal in EK-1
and EK-3, especially considering the longer treatment time in EK-1
(or, EK-3 was even more efficient), showing that addition of Fe did
notresultin significant enhancement of the process. It was reported
by Reddy and Chandhuri [7] that the preflushing of ferrous iron had
no added benefits in the Fenton-like reactions performed to oxidise
PAHs.

EK-4 was conducted under similar conditions as in EK-3, except
for the mode of delivery of the oxidant. Here, the oxidant was added
to the anode chamber as well as to the injection wells which were
placed in the soil matrix. The test resulted in an average overall con-
taminant removal of 24%. There had been significant oxidation the
middle section but also near the cathode, which was different from
EK-1 and EK-3.In EK-4, since there was H,0, addition from both the
anode and injection wells, the oxidant availability was higher for
the soil adjacent to the wells and cathode. Therefore, the increased
rate of oxidation could be attributed to the increased availability
of the oxidant. The oxidation rate did not however, show any pH
dependence. The optimum pH for Fenton oxidation is around 3,
and the rate of H,0, decomposition increases with increasing pH
[14,26]. In this study, increase in pH to 5 near the cathode did not
impair HCB oxidation.

In EK-5, HCB removal efficiency was high throughout the soil
section, with only minor loss of efficiency as the distance from the
injection points (anode and injection well in the middle, 7.5cm
from the anode) increased, which was probably due to the limited
transportation or loss in reactivity of H,O,. The exceptionally high
cumulative flow rate observed in EK-5 might have contributed to
the higher degree of oxidation of the contaminant by bringing about
better contact between the oxidant and HCB.

Another important observation from the concentration profiles
was the low HCB oxidation near the anode region. One reason for
the low HCB degradation in the region near the anode in experi-
ments EK-1, 3, and 4 could be the depletion of ferrous ions in this
region as the experiment proceeded. Under the operating condi-
tions followed in EK-3 and 4, H,0, was added to the system 5 days
post Fe addition to the system. This was to ensure the presence of
Fe throughout the soil specimen before adding H, 0, to the system.
Nevertheless, it seems that, this kind of time interval between the
addition of Fe and H, O, would result in the depletion of Fe ions near
the anode part. This reasoning can be further reinforced from the
data obtained from EK-5, where significant oxidation had occurred
near the anode region also. The two days time interval for the step-
wise addition of Fe and H,0; (at 2 V/cm) appears to be sufficient to
ensure the presence of Fe in the soil upon the oxidant addition.

It is also noteworthy, when compared with the removal rate
obtained in EK-5 that the oxidant injection from two injection wells
in EK-4 did not result in higher removal rate even with longer treat-
ment duration. This emphasizes the proper selection of injection
points for the oxidant. The decomposition rate of H, 0, is shown to
increase with increasing pH [14]. Therefore, it should be deduced
that the injection of H,0, from the second well near the cathode
did not improve the performance of the oxidation reactions.

4. Conclusion

The results of the experiments clearly indicate the importance of
efficient oxidant delivery methodologies for effective contaminant
oxidation to occur. The success of in situ electrokinetic oxidation
processes depend on how well the contact between the con-
taminant and the oxidant is facilitated under optimised reaction
conditions. However, this should not result in the over-estimation

of the oxidant requirements by using multiple oxidant injection
points. Though HCB oxidation in the presence of high concentration
H,0; in these experiments did not show any pH dependence in the
range 2.9-5, the stability of H, 0, is known to decrease with increas-
ing pH. Therefore injecting H, 0, near the cathode might not give
the desired results. It could also be deducted from the results that
simultaneous addition of ferrous solution and H,0; in the absence
of oxidising material (contaminant) is not recommended especially
if duration of the treatment is of primary concern.
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Abstract

Experimental evidences show that electrokinetic Fenton process is very effective for the cleanup
of soil contaminated with organic compounds, especially hydrophobic and persistent organic
pollutants. Despite the technological progresses in recent years, there are still several
performance related issues to be addressed, such as its implication on the final soil quality and
different oxidant delivery schemes. This paper reports the results of a series of experiments
carried out to explore the possibilities of using polarity reversal as an enhancement during
electrokinetic Fenton treatment of soil contaminated with persistent organic pollutants.
Laboratory scale experiments were conducted with kaolin and Hexachlorobenzene (HCB) as the

model soil and contaminant. Experiments were performed both with and without added iron (Fe).

1



Reversing the polarity of electrodes after a period of time during the experiments was found to be
effective in aiding the reachability of the oxidant to the soil specimen in a shorter duration. An
overall HCB removal of 10 % in 10 days was increased to 33 % with one polarity reversal during
the treatment. However, its use with different oxidant delivery methods is to

be considered carefully, since it was observed that the addition of hydrogen peroxide (H,O,) from

the anode chamber was crucial for HCB degradation to occur.

Keywords:

Electrokinetics, Hexachlorobenzene, Polarity reversal, Fenton oxidation, Soil remediation.

1. Introduction

Remediation of soil contaminated with hydrophobic organic compounds has always been a high
priority issue, especially due to its impact on human health and environment. Widely practiced
conventional techniques which depend on the hydraulic permeability of soil are not applicable for
treating low permeable soil such as clay. Electrokinetic technology has specifically been targeted
to treat low permeable soil and has shown success, though mostly at laboratory scale [1].
Degradation of organic contaminants can be achieved by suitably coupling electrokinetics with a
chemical oxidation process. Remediation of sorbed organic compounds, especially polycyclic
aromatic hydrocarbons (PAHs) has been extensively studied [2]. Studies on remediation of soil
polluted with organochlorine pesticides (OCPs) like HCB by electrokinetic oxidation treatment
are limited. Lab scale tests performed by Pham et al and others demonstrated that PAHs and

OCPs exhibit different behavior when subjected to oxidation by ultrasonication coupled with



electrokinetics [3, 4]. The extremely stable nature of its chemical composition makes OCPs such
as HCB difficult to undergo oxidation. This calls for the application of more aggressive and
intense chemical oxidation reactions for the degradation of such recalcitrant organic
contaminants. In this regard, electrokinetic treatment using high concentration HO; has shown
some promise [5, 6]. Several early studies have reported the use of high concentration H,O, for
the degradation of hydrophobic organic contaminants sorbed to soil [7, 8]. The Fenton like
reactions that are known to occur when using high concentration H,O, can effectively oxidize
refractory organic compounds like HCB which are sorbed to soil [9, 10, 11].

Though, the application of Fenton oxidation in association with electrokinetics for the removal
and destruction of soluble organic compounds such as trichloroethylene and phenol was reported
from late 1990s, the feasibility of Electrokinetic Fenton like oxidations using high concentration
H,0O, for the treatment of soil contaminated with relatively insoluble PAHs at laboratory scale
were reported only from the year 2005 [12, 13, 14].The outcome of these studies gave mixed
results as each studies followed different process and reaction conditions. It was pointed out by
Isosaari et al [15] that higher oxidation rates were observed near the oxidation injection points in
their experiments. This emphasizes the importance of oxidant delivery during these processes.
Nevertheless, as mentioned above, studies on OCP degradation using this technology is limited
and cannot be correlated with PAH degradation.

However, the environmental impacts of Fenton treatment as discussed by Yap et al [16] can be a
major bottle neck for its application for soil treatment. Electrokinetically treated soils in most
cases result in an acidic soil which is especially true in case of low buffering soil. Since, metal
dissolution increases with decreasing pH and also due to the unavailability of plant nutrients at

low pH, the final pH of the treated soil can be a limiting factor for its subsequent use [17].



Therefore, it is important to restore the soil properties in the post treated soil in order to sustain
the microbial activities and soil vegetation.

During electrokinetic treatment, the oxidant moves with the electroosmotic flow through the soil
section. The direction of electroosmotic flow can be controlled by suitably changing the electrode
polarity. The use of non uniform electrokinetics by reversing the electrode polarity has been
studied in conjunction with other techniques like bioremediation to enhance the process as well
as to maintain the pH of the soil. [18] Also, it was found that non-uniform electrokinetic transport
processes induced by periodic reversal of electrode polarity improve the mobility of organic
pollutants like phenol and dichlorophenol. [19] However, the applicability of polarity reversal for
the control of oxidant delivery and to avoid a steep pH gradient in the resulting soil during
electrokinetic Fenton process has not been studied so far.

The aim of this study is to study the applicability of polarity reversal for the control of oxidant
delivery and also to avoid a steep pH gradient in the final soil. It was hypothesized that such a
polarity reversal would be beneficial since it can enhance the process by propagating the oxidant
through the soil matrix in a better way and also result in a more uniform pH throughout the soil
section. Electrokinetic experiments were carried out by changing the polarity of electrodes
towards the end of the experiment. The overall performance was evaluated in terms of HCB

degradation and by following other parameters like soil pH and catholyte accumulation.

2. Materials and Method

2.1 Preparation of the experiments



The soil used for the experiments was Kaolin obtained from VWR International (BDH Prolabo,
bole white washed), which is a typical laboratory model for low permeability soil. The major
physical and chemical characteristics of the model kaolin used have been published in our earlier
publication [20]. The representative POP, selected for the study was Hexachlorobenzene (Aldrich
(99% purity)), one of the most hydrophobic persistent organic contaminants.

Other chemicals used in the experiments included H,O, (Normapur® 30% from BDH Prolabo or
Perhydrol® 30% from Merck KGaA, both analytical grades) and ferrous sulphate (FeSO4 x
7H,0, J. T Baker, analytical grade). FeSO4 solution was freshly prepared before use. The
required dilutions were made with deionised water (DW).

For the preparation of the test specimen, weighed quantities of kaolin were mixed with HCB
stock solution prepared in Hexane to achieve the target concentration (100 mg/kg). After
homogeneously mixing the soil, it was kept aside until all the hexane evaporated and the soil was
dried completely. The spiked soil was then adjusted to the desired moisture level and then
carefully stacked to the soil compartment of the electrokinetic cell.

The apparatus used for all the experiments was of same design and dimension and consisted of a
single acrylic cell divided into three chambers, a soil chamber with electrode chambers on either
side. The dimension of the soil chamber was 15 x 15 x 15 cm. In some experiments, injection
wells (2 cm diameter) made of perforated polyvinyl chloride tubes covered with nylon cloth were
inserted to the soil chamber. The electrode chambers, filled with an anolyte or catholyte solution,
were separated from the soil by nylon cloth. Electrodes made of platinum-coated graphite were

immersed in the electrolytes and connected to a direct current (DC) power supply.

2.2 Operating conditions



Table 1

Table 1 summarizes the operating conditions followed in each experiment. All the experiments
except EK-3 were subject to a polarity reversal after specified duration as mentioned in the table.
For reversing the electrode polarity, the electrode chambers were emptied and a cleaning to a
reasonable level was done using deionised water before the electrode chambers were filled again
with the anolyte and catholyte and the electrodes were connected to the power supply with new
changed polarity. Injection wells were employed in EK-2 and 5 for the addition of H,O, to the
soil. These injection wells were kept undisturbed during the whole operation and the solution
collected in the injection well was not removed during the polarity reversal. Ek-5 was run for a
longer duration with polarity reversal after 10 days and also using excess oxidant by injecting
through the injection well. All the experiments were run in same kind of apparatus with similar
dimensions and under constant applied voltage of 30 V. In experiments where Fe was used, it
was added as ferrous sulphate solution prepared stochiometrically with Fe to substrate (HCB)
mass ratio of 1:10. The anolyte consisted of 10 to 12 % H,O; in all the cases where H,O, was
added to the anode. Measured quantity of anolyte was periodically added to the anode chamber in
order to compensate for the flow towards the cathode region before and after the polarity reversal

throughout the experiment.

2.3 Chemical Analyses



pH and redox were measured using a portable pH/conductivity meter WTW 340i equipped with
SenTix 61 and SenTix ORP sensors. The pH and redox values of the electrode fluids and the
cumulative flow to the cathode chamber were monitored on a daily basis. At the end of each
experiment, the soil mass was divided into five equal sections and the analyses were performed.
The pH and redox potential of the soil samples were measured in a suspension of the sample in
deionised water in the ratio 1:25. These soil samples were then extracted using ultrasonication as
described by Yuan et al [21] and the extracts were analyzed for HCB following the method
USEPA- 8270 C [22]. The residual H,O, concentration in the soil samples was determined using
permanganate method. All the analyses were done in duplicate to ensure the reproducibility of the

results.

3. Results and Discussions
It may be noted that all the measurements were taken along the normalized distance from the
anode of the apparatus as originally designed. Therefore, in experiments with polarity reversal,

the cathode end was the anode portion at the end of the experiment.

3.1 Soil pH and Redox Potential

The soil pH as plotted in Fig: 1 shows the final pH of the soil section at the end of each
experiment. The pH in EK-1 ranged from 3 to 4.4 with the maximum towards the center portion.
EK-2 resulted in a more stabilized pH spanning between 3.6 and 4.

Theoretically, the soil pH during unenhanced electrokinetics exhibits a general trend ranging

anywhere from 2 to 10 depending upon the soil buffering capacity. Since H+ ions move at a
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greater speed than OH ions, the acidic front advances almost to the near central part of the soil
section and this gives rise to a pH gradient along the soil cross section. [23] This kind of pH
distribution with a steep pH gradient was observed in EK-3 where the pH fell between 2.8 and
5.8. The soil pH in EK- 4 was in the range 3.1 to 4.6 and the corresponding values in EK-5 were
3.5 to 4.4. Tt can be observed that the pH values near the cathode region in all the experiments
subjected to reversal of electrode polarity showed a lower value than the corresponding values
observed in EK -3. Hence, the reversal of polarity aided in preventing the development of a steep
pH gradient in the resulting soil section. However, the final soil pH was still acidic. Therefore,
further optimization in terms of treatment duration or applied voltage is required to acquire a
more uniform and higher pH throughout the soil section.

The redox potential values obtained from the final soil section (data not shown) were found to lie
between 350 and 500 mV and indicated that strong oxidizing conditions existed throughout the

soil section in all the experiments

Figure 1

3.2 Current

The current developed during electrokinetic tests is indicative of its ionic mobility. Also, the
current developed during any electrokinetic test under constant applied voltage largely vary with
the composition of the analyte, catholyte and other additions made which contribute to the pore
solution. The current values during the experiments (Figure 2) were in the mA range and in any
case did not go beyond 20 mA. The initial current observed during the start of each experiment

dropped and then gradually attained a stable steady lower value. This is of course due to the
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initial dissolution of the salts associated with the soil particles and then the gradual depletion of
the same in the system which lowered the electrical conductivity and hence the current. The
initial high peaks and relatively higher current values observed in EK-4 and 5 could be attributed

to the high ionic concentration in the system due to the addition of Fe as ferrous sulphate.

Figure 2

3.3 Cumulative flow

The cumulative flow observed at the cathode with elapsed time for each experiment is plotted in
Fig: 5. The cumulative flow was measured always from the respective cathode chambers during
the experiments with and without polarity reversal. Therefore, the change in the direction of flow
in experiments with polarity reversal is not reflected in the figure.

In all experiments, the flow was towards the cathode chamber, which indicated that the
electroosmotic flow was always to the cathode.

In EK-1, 3 and 4, the anolyte, oxidant and the pore water constituted the soil solution and were
transported by electroosmosis from the anode through the soil matrix to the cathode chamber.
However, when the oxidant was added to the injection well located in the soil halfway from the
anode chamber, the pore water along with the oxidant reached the cathode chamber before the
soil solution from the anode chamber reaches the cathode chamber. This would have led to a
higher rate of flow to the cathode chamber in EK- 2 and 5. Daily monitoring of cumulative flow

revealed that the rate of flow was decreased after the polarity reversal of the electrodes in each



case. This would have occurred due to sudden change in the pH dependent physio-chemical
properties of the soil which retarded the electroosmotic flow.

Figure 3

3.4 HCB degradation and residual H>O, concentrations

The residual HCB concentration as a ratio of final concentration of HCB in soil to the initial
concentration of HCB in soil (C/Cy) is plotted in Fig: 4.

EK-1, 2 and 3 experiments were performed with H,O, as the oxidant without any added Fe. EK-3
could be considered as the reference experiment which was not subject to any polarity reversal
during the experiment and H,O, was added from the anode.

EK-1 resulted in an overall average removal of 33 % during its 10 days run. A similar
concentration profile with an overall average contaminant removal of 10 % was obtained under
similar operating conditions with 10 days treatment duration without polarity reversal in EK-3.
Therefore, controlling the flow of H,O, by reversing the electrode polarity seem to have resulted
in a better contaminant degradation than expected with uni-directional flow of H,O,. However,
the soil section from the center portion till the cathode in EK-2 did not undergo any degradation
even with polarity reversal. The highest cumulative flow rate was obtained in this experiment. At
any time during the experiment the flow of H,O, was towards the cathode. Therefore, the oxidant
was available to the soil section between the injection point and the cathode only during the first
5 days before reversing the electrode polarity. Hence it should be inferred that when the soil-
oxidant interaction occurred, the conditions were not favorable for HCB degradation to occur.
This might be either due to the unavailability of H,O, in its active form, since the stability and

hence the decomposition rate of H,O, increases with pH, or due to the high pH conditions not
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favorable for oxidation reactions to occur. Though, in the region between the injection point and
anode, the soil-oxidant interaction occurred after changing the polarity and when the anode was
the new cathode the soil pH had already dropped during its initial five days run and the available
H,0, was still in its active form. This would have led to an increased rate of degradation in this
region. The cumulative flow obtained from EK-2 was the maximum among the tests. The rate of
volume flushed through the soil specimen was also high in EK-2, which ensured a better soil-
oxidant interaction. Despite these, the test did not result in significant contaminant removal
throughout the soil specimen. It can be therefore inferred that the soil pH conditions favourable
for the oxidation reactions to proceed and H,O, stability coexist when H,O; is added also from
the anode chamber.

EK-4 was carried out in similar manner as EK-1, except for the addition of Fe from the anode and
resulted in an average overall removal of 27%. Comparing the data obtained from EK-1 and 4, it
is evident that HCB degradation in soil using high concentrations of H,O, did not benefit from
the addition of Fe.

EK-5 which was run for 20 days with polarity reversal after 10 days resulted in an average
overall removal of 43%. This was contrary to the expectation since similar or better performances
were achieved in terms of contaminant removal in our earlier experiments which were run for
shorter durations. [6] One possible reason for this could be the changes in the physicochemical
nature of the soil induced by the polarity reversal of the electrodes. Therefore the role of
extending the treatment duration under the operating conditions followed here is to be
investigated more extensively. Also, the overall HCB degradation rate suggests that the
experiment did not benefit much from the quantity of volume flushed which resulted from the
simultaneous addition of H,O, from the anode as well as the injection well in the soil. Except for

experiments 2 and 3, no significant peaks in residual HCB were seen in the soil section. The
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HCB present in the soil seem to have undergone degradation in a more or less uniform manner
due to effective control and flow of the oxidant which has resulted from the polarity reversal of
the electrodes. Cathodic degradation has been in some cases pointed out as the cause of
contaminant degradation in the soil section near the cathode [24]. The possibility of cathodic
degradation of HCB near the cathode area under the conditions followed in this set of
experiments has been ruled out, though the HCB concentration profile near the cathode chamber
in all experiments shows a down slopping. This is because the redox values obtained from the
soil samples do not show a reducing environment throughout the soil section in any of the

experiments.

The data obtained for the residual H,O in the soil samples are shown in fig: 5.

The H,O, concentrations in the final soil sample were in good agreement with the mode of
addition of H,O,. The concentration of H,O, required for the oxidation of sorbed contaminants
increases with the hydrophobicity of the contaminants [25]. As seen from the curves of EK-2
and 5, the addition of H,O, from the injection well in the soil resulted in a higher residual
peroxide concentration across the soil section. Since, polarity reversal of the electrodes is
employed to aid in the reachability of H,O, to all sections of the soil specimen, H,O, addition

through the injection well might result in an over consumption of the oxidant.

Figure 4

Figure 5

4. Conclusion
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Electrokinetic Fenton experiments have been performed for the removal of HCB from
contaminated kaolin. The direction of H,O, flow was controlled by reversing the electrode
polarity after a specific time during the experiment. Experiments were performed using H,O»
with native Fe present in kaolin and supplemental Fe added as ferrous sulphate. Results indicate
the potential of polarity reversal as an enhancement during such processes, since better and more
uniform HCB degradation was attained during its 10 days operation with polarity reversal than
that was attained with the unidirectional flow of H,O, under normal electrokinetic process
without polarity reversal. Under similar operating conditions, the rate of HCB degradation in
experiments with supplemental Fe was found to be slower than the experiments run with H,O,
catalyzed by the native Fe in kaolin. However, more experiments should be carried out before
validating the impact of extended treatment duration, since the experiment with polarity reversal

run for longer duration did not result in higher HCB degradation.
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Figure Legend

Figure 1- Soil pH at the end of each experiment

Figure 2 — Current developed during the experiments with elapsed time.
Figure 3 — Cumulative flow observed at the cathode during each experiment.
Figure 4 — Residual HCB concentration in soil

Figure 5 — Residual H,O, concentration in soil
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Table 1. Operating Conditions

No. Voltage Anolyte Catholyte  Mode of Injection well Duration  Polarity
V) oxidant (days) reversal
addition
EK-1 30 H,0, DW H,0, added nil 10 After 5
from the anode days
EK-2 30 DW DW H,0; added to One in center, 10 After 5
the injection cylindrical, days
well 2cm diameter
EK-3 30 H,0, DW H,0; added nil 10 nil
from the anode
EK-4 30 FeSOq, DW FeSO4 added as  nil 10 After 5
H,0, the anolyte and days
then added
H,0, after two
days to the
anode
EK-5 30 FeSO4, DW FeSO4 added as One in center, 20 After 10
H,0, the anolyte and  cylindrical, days
then added 2cm diameter.
H,0, after two
days to the
anode and

injection well
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